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The fact that lime in one or another of its forms has a distinct value in the 
production of many crops, and in improving the physical character of certain 
types of soil, which in the end means improved crops, has long been known. 
Thus for centuries lime materials have been used in almost every country and 
for practically all crops. Various writers have laid special emphasis on the 
natural fertility of limestone soils; that is, soils having a high percentage of 
carbonate of lime; and the expression that “a lime country is a rich country” 
has come to be rather widely accepted. Very much has been written concern- 
ing the reasons for the beneficial effects of lime on crop production, but it is 
probably safe to say that, in the majority of cases, its use has been on general 
principles rather than as a result of the careful searching out of the reasons 
for its effectiveness. 

It is well known that its use affects some crops more than others, and that 
some soils are more responsive than others. 

Anyone who is at all familiar with the subject has heard the expression, 
“Lime makes the father rich and the son poor,” the meaning of which, no 
doubt, was that lime aids in “mining” the soil rather than in permanently 
building it up. 

We now know that the words quoted do not necessarily express the facts. 
Much depends on how the lime is used, and the system of cropping followed, 
as to whether the son will be poorer or richer than the father. 

A quarter of a century ago, little was known as to the influence of lime on 
soil organisms, whereas we now know that it plays a very important part in 
this respect. 

It has been shown, for example, that there were many more nodules on the 
roots of soybeans grown on limed plots than on unlimed plots (4, 5), and that 
both the beans and stalks from limed plots were richer in nitrogen than those 
from unlimed plots. This perhaps may not be held to be positive proof that 
lime favors the development of the symbiotic organisms, and that these organ- 
isms in turn enable the plant to store up more nitrogen than plants on the 
unlimed plot; but it is about as near the positive proof as we can come with 
our present state of knowledge. Certainly, for the practical man, the proof 
is sufficient. 
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It has been shown also that, for a period of years, the percentage of nitrogen 
was higher in alfalfa hay from limed than from unlimed plots, and that, for 
this period of years, far more total nitrogen was secured in the hay from the 
former than from the latter (3). Here again, we are lacking the positive direct 
proof of the beneficial influence of lime on symbiotic organisms, but the indirect 
proof is at least something to hold to until more direct proof can be secured. 

It is now well known that organic matter in the soil, such as crop residues 
and farm manures, is converted into new plant-food more rapidly on soils 
that are well supplied with carbonate of lime than on soils that have an acid 
nature. This is explained on the ground that the organisms which cause the 
breaking down of the organic matter, with the consequent formation of avail- 
able nitrogen compounds, find the soil containing thc lime carbonate, a more 
favorable medium for work than the acid soil. Thus it comes about that, other 
limiting factors being overcome, larger crops, or crops containing a higher 
percentage of nitrogen, or both, are often produced on soils that are abun- 
dantly supplied with the carbonate of lime. 

It is conceivable, however, that this process may be carried too far; that is, 
the breaking down of the organic matter may become excessive, with the so- 
called “burning out” effect. Indeed, it is very evident that, with favorable 
conditions and a limited supply of organic matter, this must finally happen. 
In other words, it is clear that there may be soils—especially those of light, 
open character—having such a limited supply of organic matter as to require 
the checking influence of a slightly acid condition. 

It is quite evident, therefore, from what has been said, that in considering 
the lime question, very careful attention should be given to the type of soil, 
the crops to be grown, and the disposition that is to be made of these crops. 

It is quite certain that such experiments, to be of value, should be carried 
on over a considerable period of years, since the composition of the soil as 
determined by methods of analysis now in use, is seldom very much changed 
in a shorter period than 5 years. 

It is with the hope of bringing into clearer light the reasons for the use of 
lime in agriculture and especially in its relation to the permanent improvement 
of soils, that this work, covering a period of 10 years, is reported. 


PLAN OF EXPERIMENT 


In 1908 a field experiment was laid out having as its object a study of the 
nitrogen problem in crop production. The plan includes a study of the sources 
of nitrogen, the proper amount to apply, the influence of nitrogen on the 
yield and composition of the crop, denitrification and other nitrogen losses; also, 
on account of the important bearing which the reaction of the soil has on 
the nitrogen problem, the plan was made to include the use of lime in the 
carbonate form. For this purpose, two series of plots were laid out with 
identical fertilizer treatment—but differing in that the 20 plots hereafter 
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designated as 1A to 20A, were to remain unlimed while the 20 hereafter desig- 
nated as 1B to 20B were to be limed at stated intervals. 

The soil is a Sassafras loam, inclining to a sandy loam, which originally 
contained 0.11 per cent of nitrogen and 1.22 per cent of total carbon. Lime- 
requirement determinations were not made at the time the experiment was 
started, but if we may judge from determinations made on unlimed plots 
later, it is safe to assume that the lime requirement in 1908 was about 1600 
to 2000 pounds of lime (CaO) for 2,000,000 pounds of the soil. As this land 
had not been under cultivation for a number of years, it is certain that up to 
1908, no lime had been applied within recent years. 

The plots were laid out #5 acre in size, being about twice as long as wide. 
The crop rotation, as orginally planned, was: 1 year of corn, 2 years of oats, 
a year of wheat and one of timothy. This was later changed so that there 
was 1 year of oats and two of timothy. This is a rotation that was practised 
more or less some years ago, but would perhaps not be applicable to present 
conditions. 

Since the experiment provides for a study of nitrogenous fertilizer materials, 
no leguminous crop can be introduced in the rotation, either as one of the 
main crops or as a green-manure crop. However, it may be noted here that 
during the summer and fall of 1912, much volunteer clover appeared in the 
timothy and made considerable growth after the latter had been cut. This 
clover was later dug out, dried and weighed, and analyzed for nitrogen. The 
yield of dry matter (clover) from the limed plots was almost double that from 
the unlimed plots (2). Likewise, samples from the limed plots showed a 
higher percentage of nitrogen than samples from the unlimed plots. 

The lime treatment has consisted of finely ground limestone or oyster shells 
at the rate of 1 ton per acre just before planting the corn in 1908, and 2 tons 
per acre again preceding the corn in 1913, the liming thus taking place at 
intervals of 5 years. A careful record has been kept of the amount of nitrogen - 
applied in the form of manure and fertilizer, and likewise of the amount 
removed by the crops. Samples of soil were collected for analysis previous 
to applying the lime in 1913, and again in the fall of 1917. 

The manure and fertilizer treatment given these plots, the lime require- 
ment (Veitch method) and the analytical data secured on the soil samples 
taken at the end of each 5-year period are shown in table 1. 

From this table it will be noted that the average lime requirement in 1913 
for all of the A plots (unlimed) was 1840 pounds of CaO per acre, and for all 
the B plots (limed) 1140 pounds. Thus notwithstanding the ton of lime- 
stone per acre which was used in 1908, all of the B plots had become quite 
acid at the end of the first 5 years. 

At the end of the second 5 years the average lime requirement for the A 
plots was 1615 pounds per acre, which is slightly less than the requirement 
at the end of the first 5 years, although no lime had been applied. On the 
other hand, the soil of the B plots which had in 1913 received 2 tons of ground 
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limestone per acre showed either an alkaline or only a slight acid condition 
in 1917. 

No satisfactory explanation appears for the less acid condition of the A 
plots in 1917 than in 1913. It is conceivable that such a change might be 
brought about by the oxidation of organic acids resulting from careful and 
thorough cultural methods. 

Of more interest, perhaps, is a comparison of the percentage of. nitrogen 
and carbon in the soil from the two series of plots. The results are shown 
in table 1 along with the lime-requirement determinations. A study of the 
averages shows that there is distinctly less of bothcarbon and nitrogen in the 
soils of the limed series than in those of the unlimed series. These averages 
represent 20 plots in each series, and cover a period of 10 years. The fertilizer 
treatment which the plots have received is indicated in the table. The 
majority of the plots have received applications of nitrogenous fertilizers 
somewhat in excess of general practice; a few have received excessive amounts, 
while a few others have received no nitrogen at all. 


TABLE 2 


Average percentage of total nitrogen and carbon in limed and unlimed series at different times 


TOTAL CARBON TOTAL NITROGEN 


Unlimed Limed Unlimed | Limed 


per cent per cent per cent per cent 


ATA VSS AACE IT GO oe. c 5 ci eres ore dic aceisloselaieitey sia 1.22 1.22 | 0.1118 | 0.1118 
Analyses at end of first 5-year period (1908-1912)...} 1.24 1.15 | 0.0969 | 0.0859 
Analyses at end of second 5-year period (1913-1917).} 1.19 1.07 | 0.1005 | 0.0879 


The results of the nitrogen and carbon determinations seem to confirm a 
very widespread popular view which holds that lime tends to “burn out” 
the organic matter of the soil. In the popular mind, however, the “burning 
out” process is not well understood. It should be thought of as the result 
of biological processes in the main, rather than of chemical processes. 

Moreover, it should be noted that in this case it was the carbonate of lime 
and not caustic or unslaked lime that was used. It would appear that the 
carbonate of lime made the conditions more favorable for the development 
of the organisms which break down organic matter, and thus more organic 
soil nitrogen was converted into the soluble form on the limed than on the 
unlimed series. 

If the crops grown on this series had used all of this available nitrogen, 
then the yields should have been greater on the limed than on the unlimed 
plots. If the yields were not greater, then more nitrogen must have been 
lost from the limed than from the unlimed plots, since the former now con- 
tain less nitrogen than the latter. That this is so is shown by the averages 
reported in table 1, a summary of which is given in table 2. 
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The figures show a distinct loss of nitrogen from both the limed and unlimed 
sections during the period 1909-1912, but the loss from the limed section is 
0.011 per cent more than from the unlimed section. Calculated to the acre 
basis, this is equivalent to more than 200 pounds of nitrogen for the plowed 
acre, or taking the first 5 years, an average loss over the unlimed plots of 
more than 40 pounds a year. There was also a distinct loss of carbon from 
the limed as compared with the unlimed plots during this period. 

The second 5-year period shows a distinct loss in carbon from both series, 
but a greater loss from the limed than from the unlimed plots. For the nitro- 
gen, on the other hand, a slight gain is shown for this period, but the difference 
of more than 200 pounds per acre in favor of the unlimed plots still remains. 

That this difference in nitrogen content is not made up to the limed plots 
in a larger return of nitrogen through the crops from these plots is shown by 
the average yields of nitrogen and dry matter for the 10-year period, as shown 


in table 3. 
TABLE 3 


Average pounds of dry matter and nitrogen per acre in crops from limed and unlimed plots 


NITROGEN DRY MATTER 


Unlimed | Limed | Unlimed | Limed 


bbs. lbs. lbs. lbs. 
First 5-year period, 1908-1912*.................... 40.66 | 40.76 | 3657 3669 
Second 5-year period, 1913-1917f.................. 28.31 | 31.07 | 2768 2926 


* From Bul. 260, N. J. Agr. Exp. Sta. 
{ From unpublished results, N. J. Agr. Exp. Sta. 


It will be noted that for the first 5-year period, the yields of nitrogen and 
dry matter are practically the same for the limed and unlimed sections. For 
the second 5-year period the limed plots show an increase of about 3 pounds 
of nitrogen and 160 pounds of dry matter per acre over the unlimed plots. 
However, against this slight increase, there must be set a loss of over 200 
pounds of nitrogen per acre for the 10 years, or more than 20 pounds per acre 
annually. In what way, then, has the lime been a benefit either to the soil 
or to the crops during the 10-year period? Certainly in this case it has proved 
a detriment rather than a benefit. The yields on the limed plots have not 
been appreciably increased and at the end of the 10-year period the soil on 
these plots contains over 200 pounds per acre less of nitrogen than the soil 
on the unlimed plots. On the other hand, the acid condition of the unlimed 
soil acted as a partial preservative of the organic matter, while at the same 
time there was enough available nitrogen, including that which was applied, 
to produce a crop about equal to that produced on the limed plots. The 
limiting factor, whatever it was, affected the crop yields on the two sections 
about alike, but the reserve supply of nitrogen was being depleted more rapidly 
on the limed plots. 
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That the organic matter of the soil must be oxidized or “burned out” with 
the formation of nitrates and other simple compounds, is inevitable, and it 
is fortunate that it is so, for in this way available plant-food is formed out 
of unavailable crop residues and other organic matter, but it is just as inevitable 
that this loss must be made good in some way if yields are to be increased or 
even maintained, and the soil kept from wearing out, for the crop residues 
on light soils are not sufficient to maintain the reserve supply of organic matter. 

It would not be safe to say that this will always happen on all types of soil, 
but it is safe to say that on ordinary well-drained loam soils the tendency will 
be in this direction if only non-legume crops are grown. It is very evident 
that on such soils, with modern tillage operations, the oxidation of organic 
matter is sufficiently rapid without the added stimulus of lime compounds. 

There undoubtedly are acid peat soils, and poorly drained heavy clay soils, 
where there is a large amount of oxidizable organic matter or where oxidation 
proceeds very slowly, on which lime may be used in connection with the grow- 
ing of non-legume crops to excellent advantage, but on loams or sandy loams, 
we may well question the advisability of using lime when non-legumes only 
are being grown. Under such a system the use of lime adds fuel to the fires 
of destruction. 

The manner of the loss of this nitrogen is still an open question. Certainly 
a portion of it was lost in the drainage waters, and some escaped into the air 
as gaseous ammonia or nitrogen, but as to the relative amounts thus lost, we 
know little. Russell (6), after discussing the various ways by which nitrogen 
may be lost, says: ‘“The exhaustion of the soil is, therefore, not due to the 
removal of the crop, but to the cultivation.” He then refers to the enormous 
loss of nitrogen, nearly 70 per cent of the amount applied, from one of the 
Broadbalk wheat plots which receives 14 tons of stable manure annually. 
Because of the small amount of drainage water, he thinks the loss of nitrates 
on account of leaching issmall. Russell says further: 


Experiments of this kind have led to the conclusion that some gaseous product is formed 
in addition to nitrates, and, as no sufficient amount of ammonia can be detected, it is sup- 
posed that gaseous nitrogen is given off. The conditions for this decomposition appear to be 
copious aeration, such as is produced by cultivation, and the presence of large quantities of 
decomposable organic matter. Now these are precisely the conditions of intense farming 
in old countries and of pioneer farming in new lands, and the result is that the reserves of 
soil and manurial nitrogen are everywhere being depleted at an appalling rate. 


Russell refers to the fact that there are recuperative agencies at work, but 
adds that the gain in nitrogen does not go on indefinitely. The nitrogen con- 
tent may be maintained at a high level when the ground is kept in grass and 
leguminous crops, and at a low level when it is continuously cultivated. 
“Unfortunately,” he concludes, ‘on our present knowledge, it is impossible 
to maintain a high content of nitrogen on cultivated land except at a wasteful 
expenditure of nitrogenous manure.” 

Nearly forty years ago, Sir John Lawes (1) said very much the same thing 
but in different words, in speaking of experiments which he and Dr. Gilbert 
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were conducting on Broadbalk field. After discussing the question “what 
is exhaustion?” he sums up the matter thus: 


We have evidence of a very large loss in the accumulated stock of nitrogen based upon 
the assumption that my land was originally pasture; there is a further large loss during the 
period in which the land has been under experiment and growing unmanured corn crops. 
The crops are declining; the amount of nitrogen removed in the crops each year is declining; 
and, further, a considerable reduction of the nitrogen in the first 9 inches, with an indication 
of a small reduction in the second 9 inches, is shown by different analyses of the soil itself. 


It may be added that the soil of Broadbalk field is well supplied with carbonate 
of lime, and this may have contributed to the rapid disappearance of the 
nitrogen, especially on those parts of the field where legumes were rarely 
grown. 

SUMMARY 


Lime in the carbonate form was used on a loam soil at the rate of 1 ton per 
acre for the first 5 years and 2 tons for the second 5 years in a 5-year rotation 
of corn, oats, wheat and 2 years of timothy. No legume crops were intro- 
duced. Twenty plots with different nitrogen treatment were thus limed and 
twenty similar plots with parallel nitrogen treatment were left without lime. 

The total yields of dry matter and of nitrogen for the 10-year period were 
essentially the same for the two sections. 

Analyses of the soil made soon after the work was started and again at the 
end of each 5-year period showed that there was a loss of nitrogen from both 
the limed and unlimed sections. However, the loss from the limed section 
was distinctly greater than from the unlimed section. 

Thus at the end of the 10-year period, there was a positive loss rather than 
gain from the use of lime. 

From this work it would appear that the practice of using lime on light to 
medium heavy soils, when leguminous crops are not grown in the rotation, may 
be questionable. Under such conditions it is quite possible that a slightly 
acid reaction may be desirable to prevent the too rapid oxidation of organic 
matter. 
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In the preceding paper, the authors have discussed the influence of lime on 
crops grown in a rotation which, so far as possible, excludes all legumes. In 
this paper, an attempt is made to show the.influence of lime in four different 
rotation systems, all of which include some legume crops. 

The soil on which this work was carried out is of the same character as and 
adjacent to that which was described in the preceding paper. It is a loam 
inclining to a sandy or gravelly phase and previous to 1908 when the work 
was started, had been badly neglected. 

Twenty-eight 3)-acre plots were laid out and these divided into 4 sections 
of 7 plots each, each section being devoted to a different rotation but all 
sections having the same lime treatment. The rotations for the different 
sections are as follows: 


ROTATION 1 ROTATION 2 ROTATION 3 ROTATION 4 
PLOTS 21-27 PLOTS 28-34 PLOTS 35-41 PLOTS 42-48 
1913 | Corn (rye, vetch, | Corn (rye, vetch, | Corn (rye, vetch, | Corn (rye, vetch, 
crimson clover) crimson clover) crimson clover) crimson clover) 
1914 | Oats (soybeans Potatoes Potatoes (rye) Oats and peas, mil- 
and cowpeas) let 
1915 | Wheat Rye Tomatoes (rye, | Rye and vetch, 
vetch, crimson rape 
clover) 
1916 | Timothy and Timothy and Lima beans (rye, | Rye, cowpeas (rye) 
clover clover vetch, crimson 
clover) 
1917 | Timothy and Timothy and Cucumbers (rye | Oats and peas, cow- 
clover clover and vetch) peas 


‘ 


The first plot in each section is the check plot, that is, it teceives no lime 


treatment. 


The second, third and fourth plots if each section received in 


1913, 3, 1 and 2 tons, respectively, of finely ground calcium limestone per 
acre, and the fifth, sixth and seventh plots received 3, 1 and 2 tons, respec- 
tively, of magnesian limestone per acre. 
to last throughout the 5-year rotation, 1913 to 1917. 
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This lime treatment was intended 
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Samples of soil were not collected when the work was begun but samples 
which were taken from three of the plots in 1909 showed an average nitrogen 
content of a little over 0.10 per cent. In 1913 and again in 1918, samples 
were collected from all plots for lime-requirement and total nitrogen and 
carbon determinations. The results of the determinations on the two sets 
of samples are shown in another place in this paper. 

It should be explained here that the results of this work for the first five 
years, 1908 to 1912, have been published (1, 2), and will not be included in 
this paper except in so far as they may be needed to make clear the work of 
the second 5-year period. 

In summarizing this work, it was stated that with comparatively few excep- 
tions, both forms of lime increased the yield of dry matter and nitrogen 


TABLE 1 


Average increase in yield of nitrogen, in pounds per acre, over the check plots, for the 
non-magnesian and magnesian limestone sections, 1908-1912 


1908 1909 1910 1911 1912 
: ibs. lbs. lbs. lbs. lbs. 
Plots 21-27 Non-magnesian limestone............ 7.95} 1.97) 5.95) 2.00] 2.67 
(Rotation 1) ) Magnesian limestone................ 14.91} 9.70) 11.23) 10.47) 11.70 
Plots 28-34 Non-magnesian limestone............| 10.27; 0.00) 9.74) 2.79) 8.55 
(Rotation 2) } Magnesian limestone................ 3.33} 0.00) 17.17; 4.06) 5.97 
Plots 35-41 Non-magnesian limestone............ ~ oJ} fe (iad 8.51 
(Rotation 3) } Magnesian limestone................ 7.21.53) °° 677) = 
Plots 42-48 Non-magnesian limestone............ 7.71) 2.75} 52.65} 16.74] 27.89 
(Rotation 4) } Magnesian limestone................ 6.41} 12.73) 70 00} 0.00} 20.05 


* Nitrogen determinations not made. 


over the yields given by the check plots. It was also pointed out that in 
the majority of cases, the dry matter of crops from the limed plots showed a 
higher percentage of nitrogen than dry matter from the unlimed plots. 

The influence of the lime is clearly brought out by the figures given in 
table 1 which show the average increase, in pounds of nitrogen per acre, over 
the check plots, for the two limestone treatments. With only slight excep- 
tion, a fair gain is shown for all rotations. The most pronounced exception is 
the potato crop on plots 28 to 34 in 1909. 

It is significant that the largest gains are shown for the forage crops rota- 
tion, plots 42 to 48. In 1910, on these plots there was a gain of 52.65 pounds 
of nitrogen per acre for the non-magnesian limestone and 70 pounds per acre 
for the magnesian limestone. In some cases, the gain is greater for the one 
form of lime and in other cases for the other form. 
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The average percentage of nitrogen in the soil samples collected in 1913 is 
somewhat less than the average of the three samples taken in 1909. This, 
it is pointed out, appears to indicate a gradual loss of nitrogen even though 
the plots had received a moderate application of nitrogenous fertilizers and 
had had the benefit of two or more leguminous crops during the rotation. 
The land, however, was producing good crops which were with one exception 
being taken off the land, and thus more nitrogen was being removed in the 
crops than was being applied in the form of commercial fertilizers. 

The second 5-year period embraces the years of 1913 to 1917 and the results 
are reported for the two forms of lime as yield of dry matter, per cent of 
nitrogen in the dry matter, and total nitrogen removed in the crop. This 
plan is carried out for the four rotations and it is thus possible to note the 
influence of the lime on the yield of dry matter and nitrogen and also to 
compare the two forms of lime as used in the different quantities. 


ROTATION 1—GENERAL FARM CROPS 
Plots 21-27—1913 to 1917 


This rotation consisted of one year of corn, one of oats, one of wheat and 
two of timothy and clover. Since this was the beginning of the second 5-year 
period, there was a timothy and clover sod to be plowed under for corn. 
Notes made May 1, 1919, state that on the check plot (plot 21, no lime) 
there was a poor stand of clover in scattered weak bunches and that on the 
limed plots the stand was fair to good. 

The land was fitted for corn and finely ground limestone applied in accord- 
ance with the plans already outlined. Fertilizers also were applied on the 
acre basis as follows: 

Acid phosphate, 300 pounds 


Muriate of potash, 100 pounds 
A mixture of fish and tankage equivalent to 200 pounds of fish 


This, it will be noted furnished nitrogen equivalent to about 100 pounds of 
nitrate of soda. 

Reed’s Yellow Dent corn was planted on June 2 and this received the usual 
cultivation during the season. In late September, the corn was harvested, 
weighed and samples dried and prepared for analysis. 

A cover crop of rye, vetch and crimson clover was seeded in the corn at 
the last cultivation. Notes made in the early spring of 1914 state that the 
rye on the no-lime plot was about 4 inches high but that there was no vetch 
or crimson clover on this plot. The rye was thicker on the other plots and 
there was also more vetch and crimson clover. 

On April 14 this cover crop was plowed under and about one week later 
fertilizers were applied and the plots seeded to oats. The fertilizers were the 
same as those used for the corn the previous year, except that dried fish was 
used at the rate of 200 pounds per acre. 
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In July it was noted that the oats on plot 21 (check) were more mature but 
the crop was not so heavy as on the lime-treated plots. 

On July 27 the oats were harvested and samples prepared for analysis. 
Following the oats the land was disked and seeded to a mixture of soybeans 
and cowpeas as a cover crop. The beans and peas grew finely and on Sep- 
tember 14 were plowed under preparatory to seeding the wheat. The plants 
were 6 to 7 inches high and appeared to be well inoculated. Fertilizers were 
applied as follows: 


lbs. per acre. 
PEM EMERY ECG CG o nis Fotis cows canwe en bens s clee su seaumeesneebaes os 300 
Rn MSMR Ss tla no 5 5 1 a oe pis se oso onl alae wal s]s Wie wo oe Wisi sieve 100 
MINE INNIS coc ts ig icin oops ees es hale sere SS Aw 4c RAR oe eo ejeeals 200 


On September 30, wheat was seeded at the rate of 73 pecks per acre. Notes 
made April 15, 1915, and again on May 1 state that the wheat on plot 21 was 
not so good as on the other plots. The wheat was harvested July 9, weighed, 
and samples prepared for analysis. The land was then fitted for timothy 
and clover and fertilizers applied on the acre basis as follows: 


PPAMMUMEMIREE ER ncn cp aseccoss cy white tna sieis scans acammewsekasunls 400 
RUMEIR EN MMMROR ono sts cio evs PaaS eS chat bne Jeun aways nese S oe eas 100 
PMOMNNIN Gc ee ute b lnk nh Beek ak nak ecmb ab naesunenosan 50 


The full application of nitrate was 200 pounds per acre, but 150 pounds 
of this was reserved for a top-dressing to be applied in the spring. The 
timothy and clover were seeded on September 2 and this seeding resulted in a 
good stand. On April 13, 1916, the remainder of the nitrate of soda was ap- 
plied as a top-dressing. A note made June 1 states that there was practically 
no clover on plot 21. The crop was harvested July 5, weighed and sampled. 
On August 22, a second cutting of this crop was made, and it was noted at 
this time that the timothy was too short to be a factor and that there were 
only a few bunches of clover on plot 21. The plots that received 2000 pounds 
of limestone were about three-quarters covered with clover, while those that 
received 4000 pounds were entirely covered. The crop was weighed and 
samples prepared for analysis. 

On November 9, acid phosphate and muriate of potash were applied to the 
timothy and clover at the rate of 300 pounds and 100 pounds per acre, 
respectively. 

The following spring nitrate of soda was applied as a top-dressing at the 
rate of 200 pounds per acre. 

On June 1 it was noted that there was not very much clover on any of the 
plots. This is shown by the low nitrogen content of the hay, analysis of 
which is reported in table 3. The crop was harvested July 5, weighed and 
sampled for analysis. As already indicated, samples of all these crops were 
carefully dried and the yield of dry matter calculated on an acre basis. Nitro- 
gen determinations were made on all samples, thus providing for the calcu- 
lation of the total nitrogen in the crops. 
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The yields of dry matter and total nitrogen per acre and the percentage of 
nitrogen in the dry matter for the various crops for the 5-year period are 
shown in tables 2, 3 and 4. 

Considering first the yields of dry matter as shown in table 2, it will be 
noted that with only slight exception, the plots receiving the lime treatment 
have given better yields than the check plots. The most notable exception is 
the oats crop of 1914, where the check plot yielded more grain than any of the 
treated plots. In the case of the other crops the check plot invariably 
yielded less than the treated plots. 


TABLE 2 
Rotation 1—Yield of dry matter, in pounds per acre, for 3 vears, 1913-1917 


ANNUAL IN- 


1913 1914 1915 1916 1917 TOTAL CREASE OVER 
CHECK 
LIMESTONE a 
PLOT | APPLIED Corn Oats Wheat Ti Ti 
a ogg Red og _ | Stover _ | Stover 
Pes | alavae ps Grain| straw | Grain} straw 
hay hay 


clover clover 


Stover 
Grain 
Straw 
Grain 
Straw 


lbs. lbs. | lbs. | Ibs. | lbs. | dbs. | Ibs. | dbs. | lbs. lbs. lbs. lbs. | lbs. | lbs. 
21 | Check 850/2650} 660} 860)1040/1240} 3600} 200) 2620) 2550) 11,170 


Calcium-limestone section 


22 1000 {1225/2800} 480} 800/1200|1440) 3680} 980} 3520) 2905) 13,220/118.3) 410 
23 2000 {1400/2950} 600}1040)1260)1640) 4380} 1420) 3640) 3260} 15,070/236.7) 780 
24 4000 |1675/3150} 600/1020)1240)1480) 4400} 1660) 3500) 3515) 15,210)321.7) 808 


Average ... ./1433/2967| 560} 953/1233)1520) 4153] 1353] 3553] 3227] 14,500|225.6| 666 


Magnesian-limestone section 


25 1000 |1850/3500) 620/1040/1240/1600) 4440) 1100). 3520} 3210) 15,200)220.0) 806 
26 2000 |1875)3500) 600/1120/1260}1680} 4620) 1920} 3800) 3735} 16,640/395.0) 1094 
27 4000 {2000/3200} 640)1040/1220)1600} 4540) 1800} 4220) 3860} 16,400/436.7| 1046 


Average ....|1742}3400} 620/1067)1240)1627| 4533) 1607) 3847] 3602) 16,080/359.6) 982 


With very slight exception, there is some increase in yield with each increase 
in the amount of calcium limestone applied, and likewise an increase from 
the 1000 to the 2000-pound application of magnesian limestone. On the 
other hand, there is not so often an increase in yield from the 2000 to the 
4000-pound application in this section. It is to be noted, however, that the 
average yields on the magnesian-limestone section are without exception, 
larger than the corresponding yields for the calcium-limestone section. 

The average annual increase for the check plots for the calcium-limestone 
section is for the grain 225.6 pounds, and for the straw, hay, etc., 666 pounds, 
whereas the corresponding figures for the magnesian-limestone section are 
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TABLE 3 


Rotation 1—Yield of nitrogen, in pounds per acre, removed by crops for the years 1913-1917 


= 
1913 1914 1915 1916 1917 e 
TOTAL | 4 
LIMESTONE eas — a2 
PLOT APPLIED PER Corn Oats Wheat . . GRAIN Zz 
ACRE Timo- Timo- Se 
thy | Red | thy | BAY | 36M 
5 o s g e and |clover| and | =T°- Sea 
2 3 ‘s § ‘g @ | clover clover 228 
oO a o) 7) oc) n < 
lbs. lbs. lbs. lbs. ibs. lbs. lbs. lbs. lbs. lbs. bbs. lbs. 
21 Check 10.31)15.30)13.36) 6.29/20.47| 3.66/31.18) 4.32)19.91/124.80 
Calcium-limestone section 
22 1000 15.35)17.76)10.48) 6.56)24.30] 3.96)41.29)25 .03)28 .51)173.24| 9.69 
23 2000 18.37|21.90)13.27) 8.90/25.16) 6.30/52.74/35.87/30.90)213 .41/17.72 
24 4000 24.12|25.21]13.16} 7.64/24.63) 4.07/52 .58/44.97/29 .72/226.10/20.26 
NING 55540 19 .28/21.62)12.30) 7.70|24.70) 4.78/48.87/35.29|29 .71|204.25)15.89 
Magnesian-limestone section 
25 1000 17.17/23.99]13.60) 7.88]/25.13) 5.34)45.78/28 90/27 .81/195 .60)14.16 
26 2000 25.71/26 .57|13.10}10.28/24.80) 4.79)54.79)51. 30/32 .26/243 .60/23.76 
27 4000 29 .78|24.40)15.12) 8.90/24.24) 5.50/52. 16/47 .61134. 56/242 .27/23.49 
a 24 22|24.99 13.94) 9.02/24.72| 5.21/50.91/42 .60)31.54)227 .16/20.47 
TABLE 4 
Rotation 1—Per cent of nitrogen in dry matter of crops for the years 1913-1917 
1913 1914 1915 1916 1917 
— sbemaes Gan, attie Corn Oats Wheat Timo- | pq | Timo- 
yA and Pale thy and 
Grain | Stover | Grain | Straw | Grain | Straw | “OV clover 
lbs. per cent | per cent,| per vent | percent | percent | percent | percent | percent | percent 
21 Check 1.213) 0.573) 2.024) 0.731] 1.968) 0.295) 0.866) 2.161) 0.760 
Calcium-limestone section 
22 1000 1.253) 0.652) 2.184] 0.820) 2.025) 0.275) 1.122] 2.554] 0.810 
23 2000 1.312} 0.761) 2.211) 0.856] 1.997) 0.384] 1.204) 2.526) 0.849 
24 4000 1.440} 0.820} 2.193) 0.749] 1.987] 0.275) 1.195) 2.709) 0.849 
a are 1.335) 0.744) 2.196) 0.808) 2.003) 0.311) 1.174) 2.596) 0.836 
Magnesian-limestone section 
25 1000 1.272) 0.711) 2.193) 0.758) 2.027| 0.334) 1.031] 2.627) 0.790 
26 2000 1.371) 0.790) 2.184] 0.918] 1.968) 0.285) 1.186} 2.672} 0.849 
27 4000 1.489| 0.810) 2.362} 0.856) 1.987] 0.344) 1.149) 2.645] 0.819 
ee ead carpi ets .377| 0.770) 2.246) 0.844] 1.994 
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for the grain 350.6 pounds, and straw, hay, etc., 982 pounds. Attention 
should be called to the very wide difference between the yield of red clover 
on the check plot and the treated plots for 1916. This crop, as is well known, 
is especially susceptible to the unfavorable soil condition brought about by 
the deficiency of lime. 

What has been said with reference to the yield of dry matter will apply 
in most cases to the yield of total nitrogen shown in table 3. With very few 
exceptions, the lime treatments have resulted in an increase of total nitrogen 
over the check plot. The 2000-pound application of both forms of lime, in 
nearly all cases, shows an increase over the 1000-pound application. In a 
number of cases, on the other hand, the 4000-pound application shows no 
increase over the 2000-pound application. The total yields of nitrogen for 
the 5 years are as follows: 


meme | somo 

lbs. per acre lbs. per acre 
RON org cccctcs ish ota nia ai stors ters asaya leyecel ornare scone asl oarcua eens aeatererata 124.8 
1000 473.2 
CGE TOT TCR) rrr] aa nn a 2000 213.4 
4000 226.1 
1000 195.6 
PVADTICHIAR IES EOHG yo. a5 seed aio Gales o's Seistaicie sie cis wanes eleis 2000 243.5 
4000 242.3 


From these figures it will be noted that with the calcium limestone 4000 
pounds gave a slightly higher yield than 2000 pounds. With the magnesian 
limestone, the yields with the 2000 and 4000-pound applications are prac- 
tically the same. 

The annual increase for the calcium limestone plots over the check plots 
ranges from 9.69 pounds, with the 1000-pound application to 20.26 pounds 
with the 4000-pound application. In the case of the magnesian limestone the 
increase is 14.16 pounds with the 1000-pound application, 23.76 pounds with 
the 2000-pound application, and 23.49 pounds with the 4000-pound appli- 
cation. Excluding the 1000-pound applications, the increases per acre will 
average above 20 pounds per year. Thus the increase for one year would 
more than pay the cost of the limestone. 

The percentage of nitrogen in the dry matter as reported in table 4 is of 
especial interest. With very few exceptions, it is higher in the samples from 
the limed plots than in those from the check plots. This is true of the grain 
and also of the straw, corn stover and hay. In earlier publications we have 
called attention to this effect of lime and have suggested, in the case of the 
legume crops, that the lime tends to establish soil conditions favorable to 
the development of those organisms which aid the plant in storing up atmos- 
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pheric nitrogen. The higher percentage of nitrogen in non-leguminous plants 
is no doubt in part an indirect effect of the stimulation of the symbiotic 
organisms, that is, the utilization of nitrogen which was secured through 
leguminous plants, and in part the result of the stimulation of those organisms 
which nitrify organic matter in general. 

To increase the crop yield means much, but to increase also the nitrogen 
content of the crop adds still further to its total value. 

The average percentages of nitrogen in the crops from the two sections differ 
but slightly, that is, the average percentage of nitrogen in the crops from the 
magnesian-limestone section is not appreciably greater than the average in 
crops from the calcium-limestone section. 

Referring again to the total yield of nitrogen (table 3) it may be pointed 
out that with 2000 pounds per acre of magnesian limestone, the timothy and 
clover crop of 1916 removed slightly more than 100 pounds of nitrogen per 
acre. In comparison with this, it will be noted that the corn crop of 1913— 
grain and stover—removed about one-half as much nitrogen. The smallest 
amount of nitrogen was removed by the oat crop of 1914. This was some- 
what below the normal, because the oats shattered badly at the time of 
harvesting. 

The fertilizers which were applied during the 5 years carried a total of 
about 108 pounds of nitrogen. The crops on the calcium-limestone section 
removed an average during the same period of a little more than 200 pounds 
per acre, and those on the magnesian-limestone section removed an average 
of nearly 230 pounds per acre. There is good reason for believing that this 
excess over the amount applied is being drawn from the atmosphere largely 
through the legume crops. If it is not being thus secured then the soil is 
gradually being depleted of its nitrogen supply. This question will be further 
discussed in connection with the table showing the percentage of nitrogen in 
the soil. 


ROTATION 2—GENERAL FARM CROPS WITH POTATOES 
Plots 28-34—1913 to 1917 


This rotation consists of one year of corn, one of potatoes, one of wheat 
and two of timothy and clover. As in the case of rotation 1, plots 21 to 27, 
the timothy and clover sod preceded the corn and the corn crop was ferti- 
lized and cared for in the same way as in rotation 1. Early in August a cover 
crop of rye, vetch and crimson clover was seeded in the corn. Notes taken 
April 8, 1914, show that the rye was thin on plots 28 and 29, and also that 
there was not much vetch and crimson clover on these plots. This cover 
crop was plowed under about the middle of April, 1914, and fertilizers applied 
on the acre basis as follows: 


RRR SC crs Go Sh Chis i iso's bv oicle Koo On Ue SANUS Names Wesieew ae 300 


ME eS asec Stites cee bh aNGb abe our nies td = ¥bey eb ewes eee 100 
UMS ap oes Ss pee Ge ins ebG se new tPA dieses ese abioese sew ea eeus 200 
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Early in May the plots were planted to Green Mountain potatoes. After 
these had been planted, it was decided that the first application of ferti- 
lizers was not sufficient and the following additional application was made 
per acre—100 pounds of acid phosphate and 200 pounds of muriate of potash, 
thus making the total application 400 pounds of acid phosphate, 300 pounds 
of muriate of potash and 200 pounds of dried ground fish. This fertilizer 
was spread broadcast. 

The crop was cultivated and sprayed in the usual way throughout the 
season. Potatoes were dug about the twenty-fifth of August and later the 
plots were disked preparatory to seeding to rye. Fertilizers were applied on 
the acre basis as follows: 


eaHiia OISROBERIGRE siriaiaia' gc iaiars ot siaic/e1s eisiate:srareigiera,cisiaie%s! sore elwle sie’ Rie oOo vidiole.e%s Sioieia 300 
BN atten PC EMIS EARS rg Saale sco axes cte ale esis are sieislave  sraisieia fe sis Sie gteve. eieteveia's sidelaiete 100 
RT AEE AN AIRE a S620) sor xe «5 075 0 Mle sian a say ore wie, a's a me aly iene dielace pe 38 01s eiaeie 200 


The plots were seeded to rye at the rate of 6 pecks per acre (vetch and 
crimson clover were not included in this seeding). 

Notes taken April 15, 1915, state that the rye was 8 to 10 inches high at 
that time. The rye was harvested as grain the last of June and about the 
last of August the land was prepared and seeded to timothy and clover. For 
this crop fertilizers were applied on the acre basis as follows: 


PGUANENEO SE) RUE en ich staics be aoe eee a1eie dea aroleaviniol al binia wins Siaisie aici im ainieia/e wie leiseerte 400 
PANNIERS RSENS 16 99:05 '055)e ip oa rara's 81a 9 Sia eis Stavoreve aielom sixties a eiaye wisiolesreliale aralecete 100 
TORE TAR ee Hoe a is fos alg cs oho Corsica asa oso ora eiaiave sei ciayara.aialen sie visisiereubieyslavelondusislatw ete 50 


On April 13, 1916, these plots received a further top-dressing of nitrate of 
soda equivalent to 150 pounds per acre. On June 6, the timothy on these 
plots was about 22 to 24 inches high. There was very little clover on the 
check plot (no. 28), though there was a fine stand on the other plots. On 
July 5 the crop was harvested and weighed and the samples prepared. 

On August 1 the second growth of clover on these plots was reported as 
about 12 to 15 inches high, but it was noted that there was very little on 
plot 28. This second growth was cut and weighed and samples prepared 
August 23. On November 9 the plots were fertilized at the following rate 
per acre: 


A ANGMRER AMELIE cleclay 310 o75 191g 0705s" fak ni sas rei’ stale ayameloraler clase eraloral a iclaja Wow oleae 300 
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On April 12, 1917, nitrate of soda was applied at the rate of 200 pounds 
per acre, no nitrate having been applied the previous fall. The effect of this 
top-dressing was soon apparent, and the timothy made a good growth. The 
clover was poor. The crop was harvested and weighed July 5 and samples 
prepared for analysis. The yield of dry matter and total nitrogen from 
these plots and the percentage of nitrogen in the dry matter are reported in 
tables 5, 6 and 7. 
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The yields of dry matter for the 5-year period are summarized in table 5. 
For the corn and the timothy and clover the lime treatment shows fair in- 
creases over the check plots. For the potatoes and rye—1914 and 1915— 
the yields on the treated plots are slightly less than those on the check, with 
the exception of the potatoes on the calcium limestone section. The failure 
of these crops to respond to the lime treatment was probably due to the 
partial failure of the cover crop which preceded the potatoes, and the absence 
of any legume cover crop preceding the rye. Or to express the matter an- 


TABLE 5 


Rotation 2—Yield of dry matter,* in pounds per acre, for the 5-year period, 1913-1917 


YEARLY IN- 
1913 1914 1915 1916 1917 TOTALT CREASE OVER 
CHECK 
LIMESTONE ——- 
PLOT | APPLIED Corn Rye 3 » ia > > 
PER ACRE a ~d i) bed i} a 
- > aw a 
a 3 - Set or - é = a 
g o = S ° e A= ; a= = 
21/8|8|#)]#8/23| 3 ]fe] 2] £8 | 8] 8 
o n Au o n ial fo o om o 77) 
lbs. lbs. lbs. lbs. lbs. lbs. lbs. ibs. lbs. lbs. lbs. lbs. lbs. 
28 Check 1050) 2425 6200) 1400} 2680! 3920) 660) 3500) 2450) 13,185 


Calcium-limestone section 


29 1000 | 1850 2575| 7040} 1360} 2600) 4320) 960) 3680) 3210) 14,135] 380 | 238 
30 | 2000 | 1900) 2425} 7100} 1400} 2700} 4820} 1160) 4440) 3300} 15,545) 425 | 590 
31 | 4000 | 2025) 2725} 6560} 1280} 2560} 4520} 1580] 4500; 3305} 15,885) 428 | 675 


Average ....| 1925} 2575) 6900} 1347) 2620} 4553) 1233) 4207) 3272} 15,188) 411 | 501 


Magnesian-limestone section 


32 1000 | 2000} 2700) 5960} 1440) 2600} 4620) 1080} 3960) 3440} 14,960} 495 | 444 
33 2000 | 2050) 2700} 5620) 1520} 2800) 4440) 1760) 3840} 3570) 15,540) 560 | 589 
34 | 4000 | 2200) 2525) 5240) 1320) 2560) 4200) 1660) 3580) 3520) 14,525) 535 | 335 


Average. ...| 2083) 2642} 5607 1427| 2653) 4420) 1500} 3793) 3510] 15,008) 530 | 456 


* Field weight of potatoes. 
{ Potatoes not included in total. 


other way, the lime could not exert its full benefit in the partial or complete 
absence of those crops through which it manifests itself most readily. The 
most notable increases occur with the mixed timothy and clover and clover 
alone. The latter shows an increase of more than 10€ per cent with the mag- 
nesian limestone and almost as much with the calcium limestone. 

The yields of total nitrogen which are shown in table 6 follow quite closely 
the yields of dry matter. In the case of the corn (grain) and the red clover the 
increase amounts to over 100 per cent. The potatoes and rye on the check 
plot yielded very nearly the same amount of nitrogen as on the treated plots. 
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On the calcium-limestone plots, there was recovered an average of nearly 
228 pounds of nitrogen per acre for the 5-year period and on the magnesian- 
limestone plots an average of about 234 pounds for the same period, or more 
than 45 pounds per acre per annum. During the 5 years, there was applied 
to these plots about 108 pounds of nitrogen, or 22 pounds per year. Appar- 
ently we have here a loss of about 24 pounds per acre annually, but undoubt- 
edly this loss was more than made up by the nitrogen secured through the 
legume crops. 

Table 7 shows the percentage of nitrogen in the dry matter of the different 
crops. It will be noted that, with very few exceptions, the crops from the 
lime-treated plots—both sections—show a higher percentage of nitrogen than‘ 
the crops from the check plots. This is in accord with the results secured in 
rotation 1. 


ROTATION 3—CORN, POTATOES AND MARKET GARDEN CROPS 
Plots 35-41—1913 to 1917 


The corn in this rotation was preceded by the timothy and clover sod and 
received the same treatment as that in rotations 1 and 2, and the potatoes 
the same treatment as those in rotation 2. Following the potatoes, the plots 
were disked, fertilizers applied and rye seeded at the rate of 6 pecks per acre. 
The fertilizer treatment was the same as that given to plots 28 to 34 at this 
time. 

On April 15, 1915, the rye on these plots was about 8 to 10 inches high. On 
May 3, the plots were disked preparatory to plowing under the rye as a green 
manure. The plots were plowed on June 2 and fertilizers applied for the 
tomatoes on the acre basis as follows: 


SER BEM NR REET MACNN G0 oto 9o7 0-615 saloy fee) Pate Ris kc lads ie eg. e arse di gala ISIS OS Ia Om aie SEA 600 
1h CEE TTS) C78) oC Pe 300 
PING Ra PRMIR OER CLR ca occas onan cla sags eal 9a a sani tescvovonss wiaevele avise- dose ida erok@iens 200 
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Chalk’s Early Jewel tomatoes were set out and later in the season received 
the usual cultivation and other attention. Picking began about the middle 
of August and continued until the middle of September, five pickings being 
made. 

Unfortunately, samples were not saved from each plot but a composite 
sample was made. Thus it is necessary in calculating the nitrogen removed 
by the tomatoes to base the calculations on the analysis of this composite 
sample. 

Following the tomatoes, the land was disked and seeded to a mixture of 
rye, vetch and crimson clover. The amount of rye in the mixture was small 
and consequently a thin stand was secured. Notes made on April 1, 1916, 
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TABLE 6 


Rotation 2—Yield of nitrogen, in pounds per acre, removed by crops for the years 1913-1917 


1913 1914 1915 1916 1917 
YEARLY 
LIMESTONE TOTAL IN- 
PLOT | APPLIED PER ‘ ‘ NITRO- | CREASE 
ACRE Com Rye Timo- Red Timo- GEN OVER 
ee ed and anor thy and Bit 
Grain | Stover Grain | Straw | “'OV® satel’ 
lbs. lbs, lbs. lbs. lbs. lbs, lbs. lbs. lbs. lbs. ibs, 
28 Check | 14.29) 19.00} 22.47) 19.96) 8.23 | 38.96) 14.93) 27.30)165.14 


Calcium-limestone section 


29 1000 28.29] 22.31] 23.84) 19.53] 7.20 | 38.62) 23.03} 29.44/192.26) 5.42 
30 2000 32.98] 28.17] 20.90) 21.21) 8.29 | 56.25] 26.45) 39.03/233.28) 13.63 
31 4000 35.37] 35.06} 20.34; 20.15) 8.60 | 62.24] 39.63) 36.00/257.39) 18.45 


Average ....... 32.21} 28.51) 21.69) 20.30} 8.03 52.37| 29.70) 34.82/227.64| 12.50 


Magnesian-limestone section 


32 1000 31.36] 25.16) 21.72) 21.40) 7.98 | 52.67) 26.49) 34.41/221.19] 11.21 
33 2000 31.92) 30.20] 21.14) 21.98) 8.60 | 46.18) 44.62) 37.52/242.16) 15.40 
34 4000 34.06) 26.79] 19.26} 19.87) 8.60 | 55.15 41.48) 34.65/239 .86) 14.94 


Average ....... 32.45| 27 .38| 20.71 21.08] 8.39 | 51.33] 37.53] 35 ..53/234.40} 13.85 


TABLE 7 
Rotation 2—Per cent of nitrogen in dry matter of crops for the 5-year period, 1913-1917 


1913 1914 1915 1916 1917 
LIMESTONE 
PLOT | APPLIED . 
eee ic Potatoes ots Timothy Red — 
: E andclover| clover ses 
Grain Stover Grain Straw 
lbs. ber cent per cent per cent per cent per cent per cent per vent per cent 


28 | Check} 1.361] 0.751] 1.783] 1.426] 0.307} 0.994) 2.262 | 0.780 


Calcium-limestone section 


29 1000 1.529 | 0.830} 1.703 | 1.436} 0.277 | 0.894] 2.399 | 0.800 
30 | 2000 1.736 | 1.097 | 1.560} 1.515 | 0.307 | 1.167 | 2.280] 0.879 
31 4000 1.746 | 1.235 | 1.614] 1.574] 0.336] 1.377 | 2.508 | 0.800 


Average....| 1.670 | 1.054} 1.626] 1.508 | 0.307 | 1.146] 2.396] 0.826 


Magnesian-limestone section 


32 1000 1.568 | 0.889] 1.872] 1.486} 0.307] 1.140] 2.453] 0.869 
33 | 2000 1.557 | 1.067] 1.854] 1.446] 0.307] 1.040] 2.535 | 0.977 
34 | 4000 1.548 | 0.998} 2.006; 1.505 | 0.336} 1.313 | 2.499; 0.968 


Average....| 1.558 | 0.985 | 1.911 1.479 | 0.317 | 1.164} 2.496 | 0.938 
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state that the cover crop on these plots was fair. Later notes show that the 
vetch and crimson clover were poor on plot 35 and very good on plot 41. 

On May 8 this cover crop was plowed under and on the nineteenth fertil- 
izers were applied on the acre basis as follows: 


ANAC AND IINS AEN ENSREC ges Foc obs ce eta ayo ches. shares cc rahe cs per are Lach nvata tus wha Ws Grater atera OIE APTOS 600 
TATA ATES 137] Pe a ee 300 
PROTO SO rcs a icles os ie cea ee mao as ae eosin ee Seas 100 


About one week later, Burpee’s bush lima beans were planted. Notes made 
July 1 show that the beans were somewhat irregular in growth. On August 
1 they were in bloom. On the tenth of August the cover crop consisting 
of rye, vetch and crimson clover was seeded in the beans. Between 
September 11 and October 20, four pickings of beans were made. Notes 
made April 12, 1917, show that there was a good cover crop on these plots. 
On May 15 the cover crop was plowed under and fertilizers applied on the 
acre basis as follows: 


Feet Pi tES C1 ORs Oe aC SA EONS cea B COPIA I LE OCIER ST IC SRA SE 400 
ANTS Sm Ges ON OO NSN ooo sain: 5.4) a05' sala nisresaiai psd ws atars sieinia se. e.eia'e- airs aielwae'ealiee’s 100 
MAINS eR OMB ere yanagcsvaty ie ated <vescsosestiate ara: tie ierane cxehe ais talare tarcterare eae ote anelos 160 
PSUS ANI ese 555 a 0 i oo ssa dc ove a Cah Sa oof wine ae w. Ua cw alas: palin case ewes rae WIN ase ao 200 


On the twenty-fifth of May the plots were planted to White Spine cucum- 
bers. These received the usual cultivation and other attention during the 
summer. A number of pickings were made between July 27 and August 31. 
Samples were taken from each plot for nitrogen determinations. 

After the cucumbers were off the plots were disked and seeded to rye and 
vetch. 

The yields of total dry matter (or marketable vegetables), the total nitro- 
gen and percentage of nitrogen in the dry matter (or marketable vegetables) 
are shown in tables 8, 9 and 10. 

From the figures given in table 8 it will be noted that the limestone-treated 
plots, in nearly all cases, show a distinct increase over the check plots. This 
is true for both forms of limestone and if we may judge from the averages, 
one form does not have much advantage over the other. The cucumbers on 
the limed plots show notable increases over the check plots. The yield of 
potatoes on the calcium-limestone section is greater than the yield on the mag- 
nesian-limestone section. This is true also of the potatoes grown in rotation 
2. It is doubtful, however, if the differences are sufficient to have any par- 
ticular significance. 

It should be noted that the yields of potatoes, tomatoes and cucumbers are 
the yields at the time of harvesting and not the yields of dry matter. 

Table 9 shows the total yield of nitrogen for the various crops. With only 
one exception (lima beans on plot 41) the lime-treated plots show pronounced 
increases over the check plots. 
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TABLE 8 
Rotation 3—Yield of dry matter (or harvesting weights), in pounds per acre, for the years 
1913-1917 
1913 1914 1915 1916 1917 TOTAL 
LIMESTONE —— 
PLOT| APPLIED Corn - Lima beans |Market- otatoes 
——— Potatoes} , Ripe able cu-| Grain | Stover | tomatoes 
2 omatoes eae hera cucum- 
Grain | Stover Seeds | Pods bers 
lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. 


35 Check | 1475 | 2650 | 4800 | 24,080} 480 | 260 | 8,138) 1955 | 2910 | 37,018 


Calcium-limestone section 


36 1000 1675 | 2850 | 6320 | 28,550) 660 | 332 | 11,618} 2335 | 3182 | 46,488 
37 2000 1750 | 3125 | 6300 | 27,860) 860 | 448 | 13,536) 2610 | 3573 | 47,696 
38 | 4000 2025 | 3325 | 5740 | 25,610) 720 360 | 11,688) 2745 | 3685 | 43,038 


Average .....| 1817 | 3100 | 6120 | 27,340} 747 | 380 | 12,281) 2563 | 3480 | 45,741 


Magnesian-limestone section 


39 1000 1775 | 2975 | 5680 | 25,454) 540 | 300 | 13,432) 2315 | 3275 | 44,566 
40 | 2000 2100 | 3275 | 6260 | 27,720} 660 | 288 | 13,482) 2760 | 3563 | 47,462 
41 4000 2200 | 3200 | 5100 | 28,924) 360 | 200 | 13,496; 2560 | 3400 | 47,520 


Average .....} 2025 | 3150 | 5680 | 27,366) 520} 263 | 13,470) 2545 | 3413 | 46,516 


Norte: Potatoes, tomatoes and cucumbers weighed as harvested. 


TABLE 9 


Rotation 3—Yield of nitrogen, in pounds per acre, removed by crops for the years 1913-1917 


1913 1914 1915 1916 1914 
YEARLY 
LIMESTONE 

TOTAL |INCREASE 

PLOT | APPLIED Corn Ri Lima beans Market- |NITROGEN| OVER 
FER ACRE Potatoes ieee bog | ehlegt- CHECK 

Grain | Stover Seeds Pods cumbers 
lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs, lbs. Ibs. 


35 | Check} 22.11 | 20.87 | 15.42 | 40.55 | 14.52 | 2.17 | 9.50 | 125.14 


Calcium-limestone section 


36 | 1000 | 25.61 | 23.50 | 16.20 | 48.08 | 19.97 | 2.46 | 14.82 | 150.64) 5.1 
37 | 2000 | 27.27 | 26.12 | 19.14 | 46.92 | 26.33 | 3.03 | 18.34 | 167.15] 8.4 
38 | 4000 | 30.76 | 24.62 | 20.74 | 43.13 | 20.51 | 2.30 | 14.96 | 157.02} 6.4 


Average ....| 27.88 | 24.75 | 18.69 | 46.04 | 22.27 | 2.60} 16.04 | 158.27] 6.6 


Magnesian-limestone section 


39 | 1000 | 24.51 | 22.01 | 16.41 | 42.86 | 16.74 | 2.56 | 16.94 | 142.03) 3.4 
40 | 2000 | 30.87 | 25.41 | 19.25 | 46.68 | 20.76 | 2.40 | 16.94 | 162.31) 7.4 
41} 4000 | 34.06 | 27.99 | 16.34 | 48.71 | 11.43 | 2.88 | 15.86 | 157.27) 6.4 


Average ....| 29.81 25.14 | 17.33 | 46.08 16.31 | 2:61. | 16:58.] 153.37] 5.7 
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The averages for the two sections run very close together, though the aver- 
age of the potatoes for the calcium-limestone section has a slight advantage 
over the corresponding average for the magnesian-limestone section. 

Attention should be called to the fact that the total amount of nitrogen re- 
covered in the crop is less, by more than fifty pounds, than the total amounts 
recovered from the two preceding rotations. This calls attention to the fact 
that market garden crops, although generally giving larger and more profitable 
yields than general farm crops, take from the land less nitrogen than the latter. 


TABLE 10 


Rotation 3—Per cent of nitrogen in dry matter of crops for the 5-year period, 1913-1917 


1913 1914 1915 1916 1917 
LIMESTONE 
PLOT | APPLIED . 
PER ACRE Comm Potatoes* Ripe Liman beans Marketable 
: tomatoes 5 cucumberst 
Grain Stover Seeds Pods 
lbs. per cent per cent per cent per cent per cent per cent per cent 


35 | Check 1.499 0.820 1.676 | 0.1684f | 3.025 0.835 0.121 


Calcium-limestone section 


36 | 1000 1.529 0.860 1.373 | 0.1684 3.025 0.742 0.133 
37 | 2000 1.558 0.879 1.569 | 0.1684 3. 
38 | 4000 1.519 0.769 1.819 | 0.1684 2.849 0.640 0.130 


Average ..... 1.535 0.836 1.587 | 0.1684 2.979 0.686 0.135 


Magnesian-limestone section 


39 | 1000 1.381 0.771 1.578 | 0.1684 3.100 0.854 5 
40 | 2000 1.470 0.810 1.631 | 0.1684 3.146 0.835 28 
41 | 4000 1.548 0.939 1.738 | 0.1684 3.174 1.438 2 

Average ..... 1.466 | 0.840 | 1.649 | 0.1684 | 3.140 1.042 0.129 


« Potatoes dried. 
} Tomatoes and cucumbers sampled as harvested. 
t Composite sample. 


The total amount of nitrogen applied to these crops during the 5 years was 
about 150 pounds, or 30 pounds per acre, while the average amount removed 
on the lime-treated sections was about 155 pounds, or a yearly average of 
about 31 pounds per acre. 

Table 10 shows the percentage of nitrogen in the different crops. The in- 
crease in percentage due to the lime treatment is not so consistent as in rota- 
tions 1 and 2, but there are as many plots for which the percentage of nitrogen 
is above that of the check as there are plots with the percentage below the 
check. The nitrogen determinations were made on the potatoes after they 
had been thoroughly dried but, as already explained, they were made on the 
tomatoes and cucumbers as harvested. 
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ROTATION 4—FORAGE CROPS 
Plots 42-48—1913 to 1917 


The corn which was planted on these plots in 1913 had been preceded in 
1912 by oats and peas followed by cowpeas, both of which crops were taken 
off. As no winter cover crop was seeded, the plots remained bare during the 
winter of 1912 and 1913. This corn received the same attention and treat- 
ment as the corn in the other rotations. On August 6 a cover crop of rye, 
vetch and crimson clover was seeded in the corn. On April 21, 1914, this 
cover crop was plowed under, and notes made at that time state that there 
was a fair crop of vetch and crimson clover on all plots except plot 42 which 
had none. On April 23, fertilizers were applied to the oats and peas at the 
following rate: 


lbs. per acre 


PORNO ole SE cate caw iis eek his 68s 8 UAW wk MS wae aU RNKoR eee uwns 300 
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On April 24 oats and peas were seeded at the rate of 3 bushels per acre. On 
July 6 these were cut as a forage crop and the land immediately prepared for 
seeding to barnyard millet. The millet was seeded July 8. Notes made 
under date of August 4 state that there was a thin stand and that weeds were 
coming in to the detriment of the millet. The millet was cut August 28, the 
weights recorded and samples prepared for analysis. On August 31, the plots 
were plowed and prepared for winter vetch. Fertilizers were applied at the 
following rate per acre: 


Notes made April 15, 1915, state that there was a very poor stand of 
vetch on plot 42. The vetch was good on the other plots. The poor stand 
on plot 42 was no doubt the result of winter-killing due to adverse soil condi- 
tions. On June 1, it was estimated that there was only one-fourth of a stand 
on this plot. On the other plots, the vetch was 20 to 26 inches high. The 
vetch was cut June 9 and the ground plowed and seeded to Dwarf Essex rape. 
Fertilizers were applied on the acre basis as follows: 


Pi CRE NOG iii hsv a san bea Le ne peis shes koh ake Rein'cee wc 300 
CE MORI Ce ce ScisitGis tice ean mish a hee e reas ch hom ee ce SG: 100 
EMER SOR UL ech ho ccuas sss ws spaces sp uses aso p Gewese sein e's 200 


The rape was harvested September 15 but was not an entirely satisfactory 
crop on account of a rather heavy growth of crab-grass. The land was again 
plowed and seeded to rye, fertilizers being applied on the acre basis as follows: 
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On November 1 a good stand of rye was noted on all the plots. 

On April 13, 1916, a top-dressing of nitrate of soda was made at the rate 
of 150 pounds per acre. The rye made a good growth and on June 1 was cut 
as a forage crop. The land was plowed, fertilized and seeded to Whippoor- 
will cowpeas. The fertilizer treatment consisted of acid phosphate at the 
rate of 400 pounds and muriate of potash at the rate of 200 pounds per acre. 
Notes made August 1 state that there was a thin stand of the cowpeas and that 
there was much crab-grass among them. On September 19 the cowpeas were 
cut for hay. The record shows that the crop was about 50 per cent crab- 
grass. On September 28 the plots were disked and seeded to rye at the rate 
of 4 pounds per plot. A good stand was secured. On April 17, 1917, the rye 
was plowed under and fertilizers applied at the following rate per acre: 


ENCALG AOE STRAUS Ears wine aoa ore a saret sisi a cay era sicforalassis a= ial wiaieleravele.t ats eieis rele s 300 
MEMRAM te OE ARORA 32 oe aic ah arc570 ps taf eee nic has eye sas siete weal cng alels eae srareieleislave aaleisve 100 
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Oats and peas were seeded at the rate of 3 bushels per acre. On July 1 
the oats and peas were about 8 to 10 inches high but the check plot was noted 
as being the poorest. They were cut as hay July 12 and the ground disked 
and seeded to Whippoorwill cowpeas at the rate of 6 pounds per plot. Notes 
of August 1 state that there was a good stand. The check plot, however, was 
the poorest. On October 2 they were harvested as hay. The plots were pre- 
pared with a spring-tooth harrow on October 12 and rye was seeded at the 
rate of 4 pounds per plot. The yields for these plots during the 5-year period, 
together with the total yield of nitrogen and percentage of nitrogen in the crop 
are shown in tables 11, 12 and 13. 

The yield of dry matter for the 5-year period is shown in table 11. Again, 
with slight exception, the lime-treated plots show a distinct increase over the 
check plots. In the calcium-limestone section, the oats and peas grown in 
1914 show an average increase of 760 pounds per acre and the vetch grown 
the next year shows a much larger average increase. It may be explained 
here that the vetch on the check plot was almost an entire failure. 

In most cases the averages for the magnesian-limestone section run quite 
close to those for the calcium-limestone section. However, for the millet the 
yield on the former is less than on the latter. For the vetch of 1915 the yield 
is almost twice as much from the magnesian-limestone section as from the cal- 
cium-limestone section. The average yearly increase in grain for the calcium- 
limestone section amounts to 533 pounds and for the magnesian-limestone 
section to 258 pounds. The corresponding figures for the corn stalks and hay 
are 1021 and 1073 pounds. This is equivalent to 43 to 93} bushels of grain 
and 3 ton of stalks and hay per acre, which represents the annual gain over 
the no-lime plot. 
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The yield of nitrogen for this rotation is shown in table 12. In nearly all 
cases the lime treatment has resulted in a substantial increase in yield of 
nitrogen over the check plot. The most pronounced exception is the millet 
in the magnesian-limestone section in 1914. It should be recalled that this 
crop came near being choked out by crab-grass, and this accounts in part for 
the low yields. Attention may be called to the high yield of nitrogen from 
the vetch crop of 1915. For the calcium-limestone section, there is an aver- 
age of 48 pounds per acre, and for the magnesian-limestone section an average 
of nearly 79 pounds per acre. 


TABLE 11 
Rotation 4—Yield of dry matter, in pounds per acre, for the 5-year period 1913-1917 


YEARLY 
INCREASE 
1913 1914 1915 1916 1917 TOTAL OVER 
CHECK 

LIMESTONE 5 
PLOT | APPLIED Corn 3 a 
PER ACRE Q 4 o g 

eo eo tal 
4 4 Z g 
=z — Fae fie Be 3 a 
£1818 13/141] 2 &|/ 2/8] & |e | s 
1S (SIS Iisli Fi bis lgi siz 5 2 | 8 
GIinioliairiaiaigcisoivo!ss fe O};ln 
lbs. lbs. | ibs. | lbs. | Ibs. | lbs. | lbs. | lbs. | lbs. | dbs. | lbs. | Ibs. lks lbs. | lbs 

42 Check 135012675 1520) 400} 220)1700)2240)1940/2120/1160)1350) 13,975 
| | | 


Calcium-limestone section 


| 
43 1000 1773}2825|2200 480} 840/1840/2660/2240)2600)1240)1775} 16,925} 425) 590 


a4 2000 |1825|3000/2200 = 2120)2780)2540/2820}1600) 1825) 19,080) 475/1021 
45 4000 | 2050)3275|2440) 520/2160)2120)3120/2880/2680)2040)2050; 21,235) 700)1452 


Average ...... '1883|3033|2280) 540|1467 2027|2853|2553|2700)1627|1883} 19,080) 533/1021 


Magnesian-limestone section 


l l l 
46 1000 1380)2425/2120 140 2180|1660|2880 2360} 3040/1440/1550} 18,245) 200) 854 


1625{2900|2080| 280|2920|2040|2960|2780|2940|1480|1625 20,380) 275/1281 
48 4000 1650 25501920 300)|2960)2460)2400/2380!2660/1760/1650} 19,390) 300)1083 


2747|2507|2880|1560) 1608} 19,338) 2581073 


The highest yield—nearly 90 pounds—was on the magnesian-limestone plot 
which received 4000 pounds per acre. Next to the vetch, the oats and peas 
and the cowpeas gave the largest yields of nitrogen. In 1917, the total nitro- 
gen secured for these two crops on the magnesian-limestone section amounts 
to more than 100 pounds for each limestone treatment. 

The total nitrogen for the 5 years averages 373% pounds for the calcium-lime- 
stone section and 3814 pounds for the magnesian-limestone section, or more 
than 75 pounds per year. There was applied to these plots a total of about 
108 pounds of nitrogen per acre for the 5 years, or nearly 22 pounds per year. 
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TABLE 12 
Rotation 4—Pounds of nitrogen per acre removed by crops for the 5-year period 1913-1917 
191 1 Ao | 8% 
1913 1914 915 916 1917 z z 2 - 
on | Hod 
oO 
LIMESTONE Corn } < = of | 
PLOT | APPLIED Oats Oats = ol Ra 8 
PER ACRE = | and | Millet] Vetch] Rape | Rye | C°¥-| and | COW" | 2% | wpa 
A 2 peas peas peas peas a a a 
£ | 8 go | go 
o 7) ~ ~ 
lbs. lbs. | lbs. lbs. lbs. lbs. | Tbs. lbs. | lbs. lbs. | Ibs. lbs. lbs 
42 | Check |18.37/18.58|25.20] 4.74! 7.08)16.68|23.50/28 5227 .41/32 .31|202 .39 


Calcium-limestone section 


43 1000 |25.03/20.29/41.18) 6.33/28 .67|18 .42|29 47/28 .34/42 .61|34.77|275.11)14.5 
44 |} 2000 |26.65/25.46)41.58] 8.79)49 62/22 09/28. 36/41. 12/49 .01/46.72 |339 .40|27.4 
45 | 4000 |28.52|/26.91/46.80) 7.28/65.82/24.38)36.07/59.73|56.09 64.87 |416.47 |42.8 


Average.... .|26.73|24.22|43.18) 7.47/48 .04/21.63/31.30/43 06/49 .24|48.79 |373.69|28.23 


Magnesian-limestone section 


46 1000 |21.56/18.19)37.91) 2.22/60.08)19 .24/30.79)54.89|57 .64/47.19|349.71/29.5 
47 2000 |22.44/20.58)35.65} 3.79/86. 52|23.26/30.49)65 .44/54.57)/50. 35/393 .09/38.1 
48 | 4000 |24.26/20.52|38.78] 4.07/89 .63/27 .08/23 09/54 .91 |64.08 55.30|401.72 39.9 


Average... . .|22.75}19.76]37 .45) 3.36|78.74|23.19/28.12/58.41/58 .76 50.95/381.51/35.83 


TABLE 13 
Rotation 4—Per cent of nitrogen in dry matter of crops for the years 1913-1917 
1913 1914 1915 1916 | 1917 
LIMESTONE 
PLOT | APPLIED Com Oat Oats 
PER ACRE | _____| and | Millet | Vetch | Rape | Rye | CO®- | and | Com: 
Grain | Stover| P&S . -" 
~ aes. per cont | per cent | per cent | percent| per cent | per cent | per cent per cent| per cont | per cnt 
42 Check | 1.361} 0.721) 1.658] 1.186) 3.216] 0.981] 1.049) 1.470 1.293) 2.785 
Calcium-limestone section 
43 1000 1.410} 0.751) 1.872) 1.319) 3.413) 1.001} 1.108 1.265| 1.639} 2.804 
Ad 2000 1.460} 0.899} 1.890) 1.417) 3.544) 1.042) 1.020) 1.619) 1.738) 2.920 
45 4000 1.391) 0.860) 1.918} 1.400) 3.047) 1.150) 1.156) 2.074) 2.093) 3.180 
ea | 

| 

Average ....... 1.420} 0.837} 1.893) 1.379) 3.335} 1.064) 1.095) 1.653 1.823) 2.968 
Magnesian-limestone section 

] | 
46 1000 1.391} 0.790) 1.788} 1.587] 2.756) 1.159) 1.069 2.326) 1.896] S211 
47 2000 1.381] 0.731] 1.714] 1.355} 2.963] 1.140) 1.030} 2.354! 1.856} 3.402 
48 4000 1.470} 0.860} 2.020) 1.355) 3.028} 1.101) 0.962) 2.307) 2.409) 3.142 
Average ....... 1.414) 0.794) 1.841] 1.432) 2.916 1.133) 1.020) 2.329] 2.054 3.274 
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Thus there was removed in the crop more than three times as much as was 
applied in the fertilizers. The average annual increase over the check plot 
for the calcium-limestone section is 28 pounds per acre and for the magnesian- 
limestone section 35 pounds per acre. These increases are equal to, and in 
some cases exceed, the total yields in some of the wheat and rye crops reported 
in rotation 1. 

The percentage of nitrogen in the dry matter is shown in table 13. In the 
majority of cases there is a higher percentage in samples from the lime-treated 
plots than in those from the check plots. This is well brought out by compar- 
ing the percentage as shown for the check plots with the corresponding aver- 
ages for the two lime-treated sections. With only two exceptions the latter 
show a higher percentage of nitrogen in the dry matter than does the check 
plot. The high percentage of nitrogen in the vetch of 1915 and the cowpeas 
grown in 1917 is noteworthy, the highest analysis with vetch being 3.54 per 
cent and the highest with cowpeas 3.40 per cent. The oats and peas show an 
average close to 2 per cent, while the non-legume crops such as corn, rape 
and rye show an average of a little over 1 per cent for the rye and rape and 1.4 
per cent for the corn and millet. 

These figures present a strong argument for growing leguminous crops wher- 
ever they can be brought into the rotation to good advantage. 


THE INFLUENCE OF THE LIME TREATMENT ON THE NITROGEN CONTENT AND 
LIME REQUIREMENT OF THE SOIL 


Lime requirement 


In connection with the foregoing discussion, the figures presented in table 
14 are of interest. At the end of each 5-year period, nitrogen and lime-re- 
quirement determinations were made on samples of soil from the rotation 
plots. For these determinations composite samples were taken by making a 
number of borings to a depth of 63 inches. The samples were thoroughly 
mixed and after being dried were passed through a 2-mm. sieve to remove 
coarse material. 

In most cases the soils show a gradual decrease in lime requirement as the 
amount of limestone was increased. At the end of the first 5-year period, the 
average lime requirement for the check plots was close to 1200 pounds per acre, 
while for the plots that received the 2 tons of limestone per acre it was less 
than 500 pounds. In 1917, at the end of the second 5-year period, the average 
for the check plots was about 1300 pounds per acre, whereas those plots that 
received 2 tons of limestone per acre were either alkaline or had a low lime 
requirement. From this it would appear that the 2-ton application was quite 
sufficient for a period of 5 years; indeed, where only 1 ton was used the soil 
had a low lime requirement at the end of the 5 years. 

There does not appear to be very much difference in neutralizing power 
between the calcium limestone and the magnesian limestone. 
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TABLE 14 
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Lime requirement and percentage of nitrogen of soils from plots that have received different 
quantities of lime, 1908-1917 


LIME (CaO) 
PLOT LIMESTONE TREATMENT ee 000 000 — NITROGEN 
POUNDS OF SOIL 
1912* 1917t 1912 1917 
Rotation 1—General farm crops 

lbs, lbs. per cent | per cent 
MN AN aR NNN oa sa fo scan oa Pao shoe wos sao lop iohelesn' 1200 1200 0.077 | 0.0794 
22 \ OPS Cami Ca COs Mer BEIE 6.6.5 5.5.5 10::0 o's eiaiecs se s 1000 600 0.075 | 0.0798 
23° 1 EO tOn CACOS Per AOTC ooo oisss os cc ese ies:s 600 400 0.075 | 0.0791 
22 || 2:0 ton CaCO) per acres. ..i0. secs e ees 000 alk. 0.081 | 0.0901 
25 | 0.5 ton CaCO:;MgCO; per acre.............. 600 400 0.091 | 0.0959 
26 | 1.0 ton CaCO;MgCOs; per acre.............. 700 400 0.093 | 0.1015 
27 |.-2.0 ton CaCO;MgCO; per acre.............. 000 alk. 0.092 | 0.1010 

Rotation 2—General farm crops and potatoes 
DBT osc arnc aie aieiociars ice wis a.sisieassioe'staaiatns 800 1400 0.094 | 0.0994 
29: 15 ton CACOs Per Are «oss 6.55 c0se ce oes 800 1000 0.097 | 0.1019 
SO | AOitan: CaC@Oy Per ACKes .s:6(a.0s acess screens 600 400 0.094 | 0.0931 
3: 1 2:0 t0nICa COs Her ACHE. 55:05 os oie ease ee aie 100 alk. 0.098 | 0.1041 
$2 | 0.5 ton CaCO;MgCOy per acre:; .....6...6 00% 700 400 0.093 | 0.1025 
33 | 1.0 ton CaCO;MgCO; per acre.............. 400 alk. 0.091 | 0.0954 
34 | 2.0 ton CaCO;sMgCOs per acre..............] 300 200 0.089 | 0.0966 
Rotation 3—Corn, potatoes, market garden crops 
Oe | NOUNINO yiaccra ss Gis feetnersisie aieeamuio nie 84 3G eins 1100 1200 0.093 | 0.0921 
SO. WOS GR AGA COs PUT ALTO si5. 5505 5:s.cisrea aise 3 a) 800 1000 0.094 | 0.0912 
Sf | tO tom Cale) per acre. oc sesiness oe sacs 600 800 0.081 | 0.0837 
OO if DOtON MA COs DEF ACE. 5. 6.si5 a58:8 ds 0c0,0% 400 alk. 0.075 | 0.0808 
39 | 0.5 ton CaCOs;MgCO; per acre.............. 1100 1000 0.077 | 0.0800 
40 | 1.0 ton CaCO;MgCOs per acre.............. 700 400 0.080 | 0.0837 
4 2.0 ton‘ CaCOsMgGOs per Acre x oio:c'65 i036 656010 500 400 0.082 | 0.0800 
Rotation 4—Forage crops 

De WAN OUI caso steko eich dios ese ai steniaiarersneisraie oravesinls 1200 1400 0.084 | 0.0899 
AS | OS ON CACO ser ALTO a 66:5 9 es. 6:0 sie siecersie.s 1100 1200 0.095 | 0.0998 
BA | Aiton CAC Os Per ACKes i5 6:5.5:6 5 5:0:0:0.01010'9 4005 700 800 0.099 | 0.1012 
BS | 20 TOR CACO CE ACTOS. 6 6 o-5 0 5:5:5'06 56:0 80 600 400 0.089 | 0.0864 
46 | 0.5 ton CaCO;MgCO; per acre.............. 1100 1200 0.079 | 0.0773 
47 | 1.0 ton CaCO;MgCOs; per acre..............] 500 400 0.067 | 0.0679 
48 | 2.0 ton CaCO;MgCO; per acre..............] 300 alk. 0.098 | 0.0652 


* Limestone applied in 1908. 
+ Limestone applied in 1913. 
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Percentage of nitrogen in soils 


Nitrogen was determined by the Kjeldahl method and in most cases the 
results reported are an average of four or more carefully made determinations. 

It will be recalled that in Part I of this paper, it was pointed out that 
with the 5-year rotation of non-legumes the limed section was poorer in nitro- 
gen than the unlimed section at the end of both the first and the second 5- 
year periods. Furthermore, it was shown that the crops on the limed section 
were only slightly larger than those on the unlimed section. In other words, 
the lime actually resulted in a considerable dissipation or loss of nitrogen over 
and above any loss shown by the unlimed plots. 

From the figures shown in table 14, it is evident that the lime treatment 
has not generally resulted in a depletion of the soil nitrogen as compared with 
the check, or no-lime plot. This may be more clearly shown by comparing 
the percentage of nitrogen in samples of soil from the check plot for each 
rotation, with the average percentage of nitrogen in samples from the six 
lime-treated plots for that rotation. 

The figures are as follows: 


1912 1917 
per cent per cent 
: I CSS) a eee a ee nee ee 0.077 0.079 
emai eo CE NT 0.084 | 0.091 
" OOM Sea asc wcan eee. coenseuu tas Resaeee 0.094 0.099 
mutation 2 pitt DORIC iawiis saws sicr bala a www hone see 0.094 0.099 
SERS AON RDD os S cns ni wsiais sidus sue wos a wine wialereds 0.093 0.092 
es ‘pmo DE eisai os aeees bene sn ipewae ss nenisee 0.082 0.083 
Rotation 4 I rte t eae swe hacdwoduteaotesteeneeed 0.084 0.090 
PAROS 0 EO oso Shika Wannabes sbeabuneewe sees 0.088 0.083 


It will be noted that for rotation 1 the lime-treated plots, on an average, 
show a higher nitrogen content than the check plots; for rotation 2 the aver- 
age percentage for the limed plots is the same as for the check plot. For 
rotation 3, the average for the lime-treated plot is about 0.01 per cent less 
than the percentage for the check plot. For rotation 4 the difference is 
slightly in favor of the lime-treated plots in 1912 and the check plot in 1917. 
It will be noted that the figures for 1917 run very close to those for 1912 in 
both cases. 

The lime-treated plots show the greatest gain during the 5 years in rotation 
1, and the most loss in rotation 4. 

Certainly in this case it can not be said that the lime treatment has been a 
failure. It has, with only few exceptions, resulted in increased yields, which 
in several instances have been large, and in addition the nitrogen content of 
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the soil has been fairly well maintained. In the meantime fair crops have 
been taken from the land. The oats crops, it must be admitted, have been 
small, partly because of loss from shattering in the field. The potato crops 
were not fully successful, because the land is not well adapted to potatoes. 
With these exceptions, and taking the crops for the 10-year period, the yields 
have probably been above the average for the locality. 

It should be pointed out that these results have been secured without the 
use of farm manure and with only a very moderate amount of commercial 
nitrogenous fertilizer. Minerals have been applied in generous amounts in 
order that a deficiency of these might not become a limiting factor. 

From the data presented, it is evident that the limestone which was applied 
has been an important factor in increasing the yields on the rotation plots 
described here, but it should be remembered that this effect has been more 
indirect than direct. Its presence in the soil has favored those organisms 
which associate themselves with the leguminous plants and has thus enabled 
those plants to get from the air a larger supply of nitrogen than was obtained 
by plants grown where the conditions are unfavorable for the nitrogen-fixing 
organisms. , 


SUMMARY 


Four 5-year rotations were carried out on a loam soil. In each rotation 
there were seven plots; one unlimed and one each that received 1000, 2000 
and 4000 pounds per acre of calcium limestone, and one each that received 
like amounts of magnesian limestone. 

In each rotation legume crops were introduced either as one of the main 
crops or as a green-manure crop between the main crops. 

Two 5-year periods for each rotation have been completed. 

Acid phosphate and muriate of potash were used in liberal amounts. Light 
applications of commercial nitrogenous fertilizers were made. No farm manure 
was used. 

During the 10 years the limed plots, with only slight exception, have yielded 
distinctly larger crops and more total nitrogen than the unlimed plots. 

In most cases, the yields were larger with the 2000 and 4000-pound appli- 
cations than with the 1000-pound application. The two forms of limestone 
gave results which are quite similar. There appears to be a slight difference 
in favor of the magnesian limestone. 

In the majority of cases, the percentage of nitrogen was higher in crops from 
the limed than from the unlimed plots. 

The use of lime thus resulted in a gain in both quantity of the crop produced 
and also in the quality. 

Analyses of the soil show, in a number of cases, a higher nitrogen content 
for limed than for unlimed plots; in other cases, the two are about on a level 
as to nitrogen content and in a few cases, there has apparently been a deple- 
tion of the nitrogen in the limed plots. 
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This work, taken in connection with the work presented in the preceding 
paper, would seem to indicate that in using lime emphasis should be laid on 
its power to make conditions favorable for the organisms associated with 
leguminous crops rather than on its power simply to neutralize soil acids. In 
other words, its value is more indirect than direct. 
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Although it was appreciated at least as early as 1903 (9) that colorimetric 
measurements of hydrogen-ion concentration might be based upon the prop- 
erties of the indicators themselves, without involving the use of solutions of 
known hydrogen-ion concentration—the so-called “buffer mixtures’”—no 
body of data has yet been secured which can be relied upon to furnish a good, 
if only approximate, system. At present the various indicators are used in 
connection with buffer mixtures, though the work of Barnett and Chapman (2) 
makes the use of buffer mixtures unnecessary for much of the range covered by 
the indicator phenolsulfonphthalein. These investigators use the indicator 
in a procedure almost identical with that to be recommended in this paper, 
after having standardized their technique without reference to dissociation 
curve or constant. 

There are available sufficient data from which tables might be calculated 
for a system for the approximate determination of hydrogen-ion concentra- 
tion by means of certain of the modern indicators and without the use of 
buffer mixtures; but evidence has not hitherto been published showing whether 
such calculations would be justified. This would depend upon whether or 
not the behavior of these indicators conforms sufficiently well to the equation 
one would wish to apply, and whether the technical procedures, which it is 
convenient to use, are free from objection. 

The writer has tested these points, determining the apparent dissociation 
constant and the form of the apparent dissociation curve by simple methods, 
such as are serviceable in routine, for enough of the indicators selected by 
Clark and Lubs (4, 6) to cover the range between the hydrogen-ion exponents 
3.2 and 9.7. It was the intention to carry out the study to a higher degree 
of precision, as some of the indicators would repay this, but recent conditions 
put a stop to the work; and the results, being already of sufficient precision 
for the ordinary purposes of the writer, are put forward for the convenience 
of others. A method is presented, the necessary data for which are contained 
in a single table (table 7). The method should be of especial use in orienting 
experiments, or in occasional experiments involving hydrogen-ion exponent 
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measurements, either where it is unnecessary to push to the highest degree 
of precision obtainable, or where the investigator may be content to carry 
out his measurements to his limit of precision and to record his results in 
such a form that they may be more closely interpreted when a more precise 
study of the indicators shall have been completed.' 

All results have been expressed in terms of Sérensen’s hydrogen-ion exponent, 
instead of the hydrogen-ion concentration itself. The exponent is merely 
the common logarithm of the reciprocal of the concentration, when the con- 
centration is given in gram-ions per liter in the usual way. As a reaction 
becomes more alkaline (or less acid) the hydrogen-ion concentration decreases, 
but the exponent increases, passing through the value 7.0 (at about 20—-25°) 
at physico-chemical neutrality. 


PRINCIPLE OF THE METHOD 


The theory underlying the colorimetric determination of the hydrogen-ion 
exponent without buffer mixtures is in short the following. At any given 
hydrogen-ion exponent the condition of a dissolved indicator is fixed, a certain 
definite percentage being in the acid form and the rest being in the alkaline 
form. We may assume that light is absorbed independently by the two forms 
of the indicator, and hence that the absorption, and in consequence of this 
the residual color emerging, will be the same whether the two forms are 
present together in the same solution or whether the forms are separated for 
convenience in two different vessels and the light passes through one vessel 
after the other. Therefore, if we know what these percentages are for a 
given indicator in a given buffer mixture, we can imitate the color shown in 
the buffer mixture by dividing the indicator in the proper proportion between 
two vessels, and putting part of it into the acid form with excess of acid, and 
the rest into the alkaline form with excess of alkali. 

For an indicator which acts like a monobasic acid, the percentages in the 
alkaline and in the acid form should be related to the hydrogen-ion exponent 
which produces the percentage relation in accordance with the equation 


H=k+1 (alkaline form) 
ss °8 (acid form) 

where pH is the hydrogen-ion exponent of a given solution, & is the apparent 
dissociation constant of the indicator expressed as a hydrogen-ion exponent, 
and the ratio (of which the common logarithm is taken) is the ratio existing 


1 For this purpose the room temperature and the particular indicator used should be 
stated. Variations of temperature are usually disregarded, and buffer mixtures calibrated 
at 18° or 20° are used at higher temperatures without any statement as to what the temperature 
is. In using the method presented here the errors involved in disregarding temperatures 
may not be the same as if buffer mixtures are used. 
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between the concentrations of the alkaline and the acid forms.? The ratio is 
equivalent to what will later be called the “drop-ratio,” and another form of 
the equation is therefore 


pH = k + log “drop-ratio.” 


If 5 drops of indicator solution are placed in a test-tube in dilute alkali and 5 
drops placed in another test-tube in dilute acid, and compared with various 
buffer mixtures containing 10 drops of indicator solution until the color seen 
on looking through one buffer mixture is the same as that seen on looking 
through the two 5-drop tubes, the volume of all the tubes having been made 
the same, the drop-ratio is equal to 1; and since the log of 1 is 0, the hydrogen- 
ion exponent of the buffer mixture is equal to k, the apparent dissociation 
constant of the indicator expressed as an exponent. This is the principle 
used by Salm (16) in determining the affinity constants in some indicators. 

How well the theoretical equation applies in the case of any particular 
indicator must be determined by experiment. It is to be noted that if the 
indicator is a monacid base it will act like a monobasic acid, as far as the 
equation is concerned. Also, the indicator, though known to be dibasic, 
may nevertheless act within a limited range of hydrogen-ion exponent as a 
monobasic acid; namely, if the two dissociation constants (representing the 
two stages of dissociation) are far enough apart on the exponent scale. This 
appears to be the case with the sulfonphthaleins (6,12). In the case of 
phenolphthalein (which is not a sulfonphthalein) the equation cannot apply, 
as is well known from the work of Acree (1) and others. If the data given by 
Rosenstein (17) are used to plot a curve with pH and the percentage transfor- 
mation into alkaline form as the variables, the curve is found to be a straight 
line as far as the measurements extend. The percentage of transformation 
increases faster with the increase of the exponent than the theoretical equation 
given above demands. 


2 The equation may easily be derived (by taking the logarithms of both sides and changing 
signs) from the following one, which is the general equation corresponding to a particular one 
given by Stieglitz (19), his equation 7’, page 1122: 


HX = (acid form) 
~~ (alkaline form) 


where the parentheses indicate concentrations. Stieglitz showed that the equation in this 
form takes account of any tautomeric changes concerned in the change of color, and it is 
easy to see from his discussion that the form of the equation is the same whether the indicator 
is a weak acid or a weak base, provided that it behaves within the range of color change 
under consideration as a monobasic acid or a monacid base. The constant k includes the 
affinity constant of the tautomeric change as well as the dissociation constant of the acid or 
base, and if the indicator is a base it includes also the dissociation constant of water. The 
constant & has therefore been called the apparent [Noyes (16)] or total (Acree) dissociation 
constant. 
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Tizard (20) studied the color change of methyl red, using a colorimeter 
in yellow light, and thus measuring only the change of intensity of the red 
color. The yellow alkaline color is not apparent under such illumination. 
He found the indicator to be dibasic, and the two dissociation constants to be 
near enough together to cause some interference. It does not follow, however, 
that the theoretical equation given above may not be found to hold, and, 
conversely, a verification of the equation does not prove the indicator to be 
strictly “monobasic.” As a matter of fact, as will be shown later, the data 
of Tizard can be used to verify the equation. At higher acidities than those 
included in the useful range, the color was found to diminish, and it would 
appear necessary, in more precise work than that contemplated by the use of 
the method here presented, to regulate with care the strength of the acid 
solution used to develop the full acid color of this indicator. No difficulty 
was actually experienced in the present work, and some experiments, made 
with the use of 0.05M buffer mixtures, failed to discover a significant diminu- 
tion at the same points found by Tizard. 


CALCULATIONS BASED ON THE THEORETICAL EQUATION 


By means of the technique to be described, the per cent transformation into 
the alkaline form may be determined in steps of 10 per cent. Table 1 is use- 
ful in applying the equation. 

Once the equation is shown to be valid for a particular indicator, a table 
may be made out for the indicator similar to table 7 (to be given later) by 
adding to each log value the value of the dissociation constant expressed as 
an exponent, paying attention to the fact that the first five log values are 
negative numbers (and are not therefore technically logarithms). The 
resulting figures give then the exponents corresponding to the various drop- 
ratios. The intervals of the system are about 0.2 pH. If a less precise 
system is desired for special purposes a 5-drop system may be used instead 
of the 10-drop system described below, and the desired table may be prepared 
by simple omission of unnecessary values. Such a system would provide 
intervals of 0.4 pH and would require indicator solutions of double the strength 
specified in table 7. 


EXPERIMENTS ON WHICH THE METHOD IS BASED 


In the study of each indicator a comparator was used which differed from 
that shown in figure 1 in having only four holes for test-tubes instead of six. 
Uniform tubes 1.5 cm. in external diameter and 15 cm. long were used. A pair 
of tubes was prepared containing together 10 drops of indicator solution, the 
10 drops being distributed in the two tubes in one of the drop-ratios, 1:9, 
2:8, 3:7, and so on, the contents of one tube of the pair being made alkaline 
and the contents of the other, acid. Each pair of tubes was placed in turn 
in one side of the comparator and in the other side were placed a tube of water 
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(in the back) and a tube containing 10 drops of the indicator solution in one 
of the buffer mixtures studied by Clark and Lubs (5). The tubes were nearly 
uniform, and the volume was made the same in all the tubes, usually 5 to 6 cc., 
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Fic. 1. ComPARATOR FOR HYDROGEN-ION ExPONENT MEASUREMENTS 


distilled water being added for this purpose to the tubes of the pair. Various 
buffer tubes were tried until a match was obtained. If the color seen through 
the pair of tubes fell in an interval between two buffer tubes a quick estimate 
was made of the fraction of the interval, and this fraction was recorded. 
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After the measurements were finished the results were calculated from the 
determined hydrogen-ion exponent values of the buffer solutions. In this way 
the pairs of tubes of the various ratios were treated as if each pair had been 
a single solution of unknown hydrogen-ion concentration, and its hydrogen- 
ion exponent measured colorimetrically. The result may then be termed the 
hydrogen-ion exponent value of the pair. 

A few pairs of tubes were also studied containing a total of 5 drops in the 
same volume of solution, and others containing a total of 20 drops. In this 
way the indicators were studied at all concentrations which could be used 
with test-tubes of about the given dimensions in the given procedure. It was 
not to be expected that the dissociation constant could show perceptible 
change with changes of 100 per cent in concentration, since the indicator was 
in very dilute solution in any case, from 0.00001 to 0.00002 molecular. When 
alcoholic solutions were used an effect was sometimes seen when the larger 
quantities of indicator solution were added. This was probably due to change 
in the nature of the solvent, the concentration of alcohol increasing to about 
4 to 6 per cent when 20 drops were used. 


TABLE 1 
Logarithm values for the various drop-ratios 
DROP-RATIO 
oe 2 

a *” a4 ~ v=) » oe) n RA, “ 

a] a] & ] 6] ¢ |e] es lela} es la 
Log value.......... —0.95)—0.75}—0.60}—0.37/—0.18} 0 | 0.18/0.37/0.60 0.75|0.95 
Approximate _ log 

oe —0.95|—0.75}—0.6 |—0.4 |—0.2 | 0] 0.2 [0.4 |0.6 | 0.75/0.95 


There were at hand a series of buffer mixtures somewhat old. In order 
to reduce the effect of the personal equation these solutions, which were no 
longer exact, were used in preference to fresh ones, and the hydrogen-ion 
exponent of each in turn was determined at practically the same time and at 
nearly the same room temperature at which they were used. The hydrogen- 
ion measurements were made in the Clark electrode vessel (3) with mechanical 
shaking in a well insulated box. The automatic temperature regulation 
was not used; and the temperature of the box was about that of the room 
but was far more constant, varying hardly a degree per day. As reference 
electrode a saturated potassium chloride, calomel, electrode was used and 
the hydrogen-ion exponents were calculated from the figures given by Michaelis 
(15). This electrode had been in use for about three years and had been 
frequently checked with satisfactory results against Clark and Lubs’ 0.05M@ 
acid potassium phthalate solution (5) and Michaelis’ standard acetate solu- 
tion (15). At about 25°, Clark and Lubs’ value for 20°, 3.97, was closely 
checked; at 30° the value found by the above method of reference was about 
4.01. In the case of the standard acetate the results were always about 0.4 
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to 0.5 millivolt (0.01 pH) higher than those given by Michaelis; this being 
due possibly to the fact that the Clark electrode vessel gives a more certain 
equilibrium after 5 minutes’ shaking than Michaelis seems to have attained 
with his hydrogen electrode in a considerably longer time. He states that 
30 minutes or longer may be required in the case of standard acetate solution, 
which would seem from his account to take a longer time to reach equilibrium 
in his apparatus than many other solutions. 

In the use of the Clark electrode vessel the vessel was first flooded with 
electrolytic hydrogen (after filling with water or the solution, unless the air 
was known to be displaced by previous determinations), and then washed 
with the fluid; then the fluid admitted, and the vessel rocked for 5 minutes, 
Hydrogen was not bubbled through the liquid, this procedure not being 
necessary except in very precise work; and in fact being suitable only for 
solutions containing no volatile acids or bases (unless the hydrogen is suitably 
washed before entering the electrode vessel.) It was noted that, because of 
the volatility of acetic acid, successive determinations of the standard acetate 
mixture did not check unless the portion of the fluid remaining in the test- 
tube portion of the vessel was discarded. Such portions evidently lost acetic 
acid during the 5 minutes’ shaking. A small sheet platinum electrode was 
used, which was coated freshly every day with palladium black and subse- 
quently treated in the usual manner, as described elsewhere (10). 

The results of the measurements of the hydrogen-ion exponent value of 
the various pairs of tubes having drop-ratios 1:9, 2: 8, etc.,are given in tables 
2 and 3. For the calibration of a system for measurement of hydrogen-ion 
exponent it is better not to use these individual figures, as they contain experi- 
mental errors, but to smooth out the errors by means of the theoretical equa- 
tion, provided the data are well represented by it. To examine this the values 
of the constants were calculated by means of the equation and are summarized 
in table 4. In tables 2, 3 and 4, parentheses are used to enclose figures 
affected by unusual uncertainties of measurement. In some cases there is an 
evident effect on the constant of the use of 20 drops of alcoholic indicator 
solution. Aside from these cases, the apparent dissociation constant is 
really constant within the experimental error of the color comparisons. This 
error varies of course with the different indicators, being relatively great with 
bromphenol blue and bromcresol purple, and small with the red indicators, 
especially phenol red. The question is of course left open whether or not 
any inexactness of the equation might be established if means were taken 
to secure more precise color estimations. It is clear that the equation is 
entirely suitable for smoothing out the accidental errors. 

The results will now be taken up further with each indicator in turn, including 
some results not summarized in the tables. 

Bromphenol blue (Tetrabromo-phenolsulfonphthalein; M. W.,? 670). This 
indicator, because of its dichromatism, sometimes gives trouble with turbid 


3 Molecular weight. 
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solutions, as was discussed by Clark and Lubs, who recommended (6) a screened 
light (yellow) for use when difficulty is experienced in daylight. All the 
figures reported in tables 2 and 3 were obtained by daylight measurements, 
but this indicator, as well as some of the others, was also studied in the yellow 
screened light. The constants obtained were not quite the same, being 4.00 
for the aqueous indicator solution, and 3.99 for the alcoholic indicator solu- 
tion (10-drop series), as against 4.06 and 4.04 for the daylight measurements. 


TABLE 2 


Hydrogen-ion exponent values found for the various pairs. Indicators used in water solution 


INDICATOR 

DROP-RATIO Brom- Brom- Thymol 
phenol {Methyl red| cresol |Phenol jred] Cresol red (alktine 

blue purple range 

1:9 3.20 4.20 5.36 6.83 6.94 (8.01) 

2:8 3.38 4.35 5.61 7.09 7.44 8.27 

3:7 3.69 4.65 5.79 7.34 7.67 8.51 

4:6 3.83 4.83 6.10 7.52 7.92 8.63 

Se 4.02 4.96 6.21 7.74 8.08 8.76 

6:4 4.21 5:12 6.40 7.92 8.30 9.02 

7s 4.30 5.32 6.72 8.11 8.43 9.10 

8:2 4.73 5.56 6.89 8.32 8.67 9.42 

9:1 (5.85) | 7.09 | (8.59) | 8.84 | (9.57) 

1:4 4.38 
2:3 4.77 7.56 
3:2 4.35 7.85 
4:1 (4.8) 8.34 8.71 

2:18 3.45 5.31 6.82 7.06 7.87 

4:16 3.40 5.56 7.09 (7.41) 8.23 

6:14 5.82 7.29 7.67 8.47 

8:12 5.96 8.69 

10: 10 7.72 8.79 

12:8 8.97 

14:6 (8.00) 8.45 9.16 

16:4 5.50 9.37 

18:2 5.96 9.70 

Room temperature..............| 31° 30° 30° 29° 24° 24° 

SRR Ae pet 5 ee ee en 4.06 4.96 6.26 42 8.08 8.82 
Indicator solution used (per cent) | 0.008 | 0.003 | 0.012] 0.004] 0.008] 0.008 


The discrepancies, which of course cannot be due to a real change of the 
dissociation constant, are in all cases within the possible error of interpola- 
tion, and are no doubt entirely due to this error, as in certain cases the com- 
parison was repeated with the error of interpolation halved by the use of buffer 
mixtures only 0.1 pH apart, and the discrepancy was in those cases reduced 
correspondingly. The discrepancy was apparently due to the use of the 
screened light in a room not otherwise darkened, and also to certain relative 
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positions of the screened light and the windows. If measurements are to be 
made with the screened light in a room which cannot well be darkened, the 
screened light should be so placed that white light does not enter the eye 
from one side or the other. Because of these considerations, the values found 
for daylight have been used in the preparation of tables for use either in day- 
light or in the yellow light. Similar discrepancies due to the same cause 
were noted with some of the other indicators. 


TABLE 3 


Hydrogen-ion exponent values found for the various pairs. Indicators used in alcoholic solution 


INDICATOR 
DROP-RATIO 
oo a pen =, : p oie 
blue purple blue blue 
1:9 3.38 4.00 | (5.23) | 6.10 | (6.10) 
238 3.40 4.42 5.60 6.38 | (6.35) 
of 3.67 4.69 5.82 6.68 6.66 
4:6 3.78 4.85 5.82 6.86 6.85 
S35 4.04 5.01 6.12 7.04 7.06 
6:4 4.21 5.19 6.29 7.23 7.29 
(foe) 4.44 5.34 6.48 7.47 7.47 
8:2 (4.74) | 5.56 6.67 7.79 7.70 
9:1 5.82 | (7.13) | 7.98 
1:4 4.44 
23 
Fe 6.44 
4:1 (7.13) 
2:18 3.10 5.14 6.12 
4:16 3.07 5.42 
6:14 4.64 5.66 6.72 
8:12 5.85 
10: 10 3.90 6.10 7.02 
12:8 6.27 
14:6 4.28 5.34 6.44 
16:4 4.44 6.76 50 
18:2 4.89 5.88 | (7.02) 7.87 
ROOM ‘teMiperature.« 6666s. cess ees: e's 29° v2 fa 30° 25° 2° 
Indicator solution percent .............. 0.008 | 0.008 | 0.024 | 0.03 0.015 
Alcohol (per cent) in indicator solution... .| 95 60 95 60 60 


A few measurements were made toward determining the temperature 
coefficients, using for this purpose fresh phthalate buffer mixtures, spaced 
at 0.1 pH intervals. They were made up and checked at 20°. Measure- 
ments of the temperature coefficients of the buffers were not made. The 
aqueous indicator solution was used and the pair having the drop-ratio 7:3 
was studied. The buffer mixtures were kept in a water bath regulated at a 
given temperature and were removed an instant at a time to permit quick 
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measurement in the comparator of the hydrogen-ion exponent value of the 
7:3 pair. No certain difference in the value could be seen on varying the 
temperature in several steps from 15 to 50°. The values could be estimated 
only within 0.1 pH. This result does not mean that the temperature coeffi- 
cient is necessarily negligible, since the change of hydrogen-ion exponent of 


the buffers might possibly conceal a small effect. 


TABLE 4 


Calculated values of the apparent dissociation constants 


mnoagynesot | aceravz na | SOME=EEROS | mney: | moe) cxnsot| manent 
DROP-RATIO 
we| at | wlalwl] alalalwitf iw Ww 

1:9 4.15! 4.33 | 5.15 |4.95/6.31] (6.18)|7.05|7.05) 7.78 | 7.89 |(8.96) 
2:8 3.98) 4.00 | 4.95 |5.02/6.21) 6.20 |6.98/6.95) 7.69 | 8.04 | 8.87 
3:7 4.06] 4.04 | 5.02 |5.06)6.16) 6.19 |7.05/7.03) 7.71 | 8.04 | 8.88 
4:6 4.01) 3.96 | 5.01 |5.03/6.28) 6.00 |7.04/7.03) 7.70 | 8.10 | 8.81 
5 4.02) 4.04 | 4.96 |5.01/6.21) 6.12 |7.04/7.06) 7.74 | 8.08 | 8.76 
6:4 4.03) 4.03 | 4.94 |5.01/6.22) 6.11 |7.05/7.11] 7.74 | 8.12 | 8.84 
23 3.93) 4.07 | 4.95 |4.97/6.35| 6.11 |7.10/7.10) 7.74 | 8.06 | 8.73 
B32 4.07|(4.14)| 4.96 |4.96}6.29] 6.07 |7.19/7.10] 7.72 | 8.07 | 8.82 
9:1 (4.90)|4.87)6. 14) (6.18)|7.03 (7.64)| 7.89 |(8.62) 
1:4 4.98 
2:3 4.95 7.74 
3:2 4.17 6.26 7.67 
4:1 (4.2) (6.53) 7.74 | 8.11 
2:18 4.10} 4.05 6.26] 6.09 7.07| 7.77 | 8.01 | 8.82 
4:16 4.00) 3.97 6.16) 6.02 7.69 |(8.01)| 8.83 
6: 14 5.01/6.19) 6.03 7.09} 7.66 | 8.04 | 8.84 
8:12 6.14] 6.03 8.87 
10: 10 3.90 6.10 7.02) 7.72 8.79 
12:8 6.09 8.79 
14:6 3.91 4.97 6.07 (7.63)| 8.08 | 8.79 
16:4 3.84 | 4.90 6.16 6.97 8.77 
18:2 3.94 | 5.01 [4.93 (6.07) 6.92 8.75 

Constant...........| 4.06 4.96 |4.99/6.26 7.72 | 8.08 | 8.82 

Constant, 10-drop 

ee 4.04 6.14 |7.006/7 .05 
Constant, 20-drop 
eee 3.94 6.07 7.01 


* W—Water indicator solution. 
¢t A—Alcohol indicator solution. 


Methyl red (4'-dimethylamidoazobenzene-2-carboxylic acid; M. W., 269). 
There seemed to be no important influence of the alcohol when 10 drops of 
the alcoholic indicator solution were used. The pipette delivered 48 drops 
per cubic centimeter. After addition of 10 drops to the buffers the volume was 
6.5 cc., and the concentration of absolute alcohol was therefore about 2 per cent. 
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The temperature coefficient was studied as in the case of bromophenol 
blue, with the same buffer mixtures. The aqueous indicator solution was 
used, and the pair having the drop-ratio 2:8 was studied. The dissociation 
constants were calculated by adding 0.60 to the hydrogen-ion exponent values 
found for the 2:8 pair. It should be noted that the constants are not cor- 
rected for the change of hydrogen-ion exponent of the buffer mixtures with 
temperature, and the true variation of the constant with temperature is 
probably a little greater than would appear from these results. Table 5 
gives the results. The value for 18° is one calculated from the data of Tizard. 


TABLE 5 
Apparent dissociation constant (uncorrected) of methyl red at different temperatures 
prone 14.5° 18,0° | 20.0° | 29.5° 40.0° 49.5° 
O00) | ae 5.13 ep | | 5.10 | 5.05 4.98 4.93 


Tizard arrived at the constant 4.98, but the mode of calculation is not 
suited to present purposes. He came to the conclusion that at most only 93 
per cent of the molecules could actually be brought into the red form by an 
excess of acid and took this into account in the calculation, basing the per- 
centages of color transformed on the theoretical maximal transformation. 
Now in the present method we must take the actually realizable maximal 
redness, as obtained by excess (not too great) of acid, as 100 per cent. The 
writer has therefore recalculated the data of Tizard, taking the maximal 
redness observed by him as 100 per cent as the basis for calculating the per- 
centage transformed. The results are given in table 6. His results for the 
more alkaline portion of the range are omitted. The extreme values of the 
constant given in table 6 deviate from the others, but within the range 10 to 
90 per cent transformation the constancy is very good. Neglecting the two 
extremes, the mean value is 5.11. 

TABLE 6 
Apparent dissociation constant for methyl red at 18°, calculated from the data of Tizard. 


| PER CENT IN THE ACID FORM 


98.5 


5.86 


86.0 


15 


72.6 


5.09 


47.6 


[5-10 


57.9 


5:11 


22.9 | 30.6 


5.10/5.09 


39.8 


5.09 


19.0 


12 


8.75 


11.7 | 14.3 


Sa 


5.12 


Apparent constant........... 5:25 


| 
| 


Propyl red (Dipropylamidoazobenzene-2-carboxylic acid). This indicator 
has given very good results as used in buffer mixtures, but the colors of the 
standards are apt to fade prematurely. When the attempt was made to 
measure the constant the colors in the buffers faded before the measurements 
could be finished. The equation did not seem to apply at all, but it was 
observed that after the colors had faded (in the more acid tubes of the buffers) 
the equation seemed to fit better. This gives a hint that a tautomeric change, 
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not instantaneous, is involved, but unfortunately this was not followed up 
at the time. If this is true, the constant would be about 5.28 at 30°. This 
indicator is not included in the present method. 

Bromcresol purple (Dibromo-o-cresolsulfonphthalein; M. W. 540). When 
the alcoholic indicator solution was used a difference in the dissociation con- 
stant was noted of 0.12 in the 10-drop series, with a further difference of 
0.07 in the 20-drop series. No attempt was made to measure the exponent of 
the buffer mixtures after addition of alcohol. 


TABLE 7 
Data for the determination of hydrogen-ion exponent 
HYDROGEN-ION EXPONENT FOR EACH PAIR OF TUBES 
DROP-RATIO 
pheno — l crea thymol P ns Cresolred | Thymol blue 
1:9 3.1 4.05 | 5.3 6.15 | 6.75 715 7.85 
(1.5:8.5) 33 a:25' 1 S-5 6.35 | 6.95 7.35 8.05 
2:8 3.5 4.4 5.7 6.5 | ‘ps 8.2 
Kae f 3.7 4.6 5.9 6.7 7.3 vd 8.4 
4:6 3.9 4.8 6.1 6.9 1 7.9 8.6 
aD 4.1 5.0 6.3 r fee td 8.1 8.8 
6:4 4.3 5.2 6.5 for 7.9 8.3 9.0 
fa 4.5 5.4 | uno 8.1 8.5 9.2 
8:2 4.7 5.6 6.9 BY 8.3 8.7 9.4 
(8.5: 1.5) 4.8 5.45) 70 7.85 | 8.45 8.85 9.55 
| 5.0 B95 4 7-2 8.05 | 8.65 9.05 9.75 
Per cent in indicator so- 
MEMMD Se cosy asa 0.008 | 0.008 | 0.012 | 0.008 | 0.004 0.008 0.008 
Cubic centimeters of 0.1 
N NaOH per 0.1 gm. 
WOO os seaxewe 1.64 2318 | a-77 13:10 2.88 2.38 
Produce acid color with. .| 0.05N | 0.05N | 0.05N | 0.05N | 0.05N 2% 2% 
HCl | HCl | HCl} HCl | HCl | HeKPQ,| HeaKPQ, 
or H20 
Quantity of acid used to 
produce acid color..... 1cc. |1drop} idrop} 1 drop} 1drop} 1 drop 1 drop 


Bromthymol blue (Dibromo-thymolsulfonphthalein; M. W. 624). This 
indicator was studied only with its solution in alcohol. When 20 drops were 
used the constant was different by 0.04, not a large difference in the case of 
this indicator, the colors of which are not so favorable for exact comparisons 
as most of the other indicators. The water solution of the monosodium 
salt will be recommended, and since the constant was found to be 7.01 with 
20 drops of alcoholic solution, and 7.05 with 10 drops of the same, we may 
properly round off the latter value to 7.1, as has been done in table 7. 

In a committee report of the Society of American Bacteriologists (8) tests 
were reported of the value of six pairs according to the technique of Barnett 
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and Chapman. The technique differed only in that the volume was not 
kept constant in all the pairs (this should not be of great significance). The 
values for the ratios from 1:9 to 6:4, inclusive, were respectively 6.2, 6.4, 
6.7, 6.9, 7.1 and 7.3, essentially the same values as reported here. 

Phenol red. (Phenolsulfonphthalein, M. W. 354). This indicator is the one 
studied by Barnett and Chapman, from the ratio 1:9 to the ratio 6:4, inclusive. 
Their values were 6.9, 7.2, 7.5, 7.7, 7.9, and 8.1, respectively. Calculation 
shows that all these values lead to very nearly the same value of the disso- 
ciation constant, 7.87. In the report of the bacteriological committee already 
cited, the values reported for these six ratios were 7.1, 7.3, 7.5, 7.7, 7.8, and 
7.9. Calculation of the constant yields values varying considerably, the average 
value, however, being identical with that given by Barnett and Chapman. 
It is evident that the use of values for the drop-ratios without smoothing out 
the experimental errors of the calibration would lead to considerable unneces- 
sary error. 

In view of the consistent difference between the writer’s values and those 
of Barnett and Chapman (about 0.2 pH) the writer cooled the buffer mixtures 
(from 29°) to 23° and determined the values of two pairs, and found that 
the constant was increased by about 0.05 pH. The hydrogen-ion exponents 
of the phosphate and borate buffers were determined at 27—28° only. Part 
of the small discrepancy between the results of Barnett and Chapman and 
those of the writer may therefore be due to the influence of temperature, 
either on the dissociation constant of the indicator or on the hydrogen-ion 
exponents of the buffer mixtures. At present there has been published no 
system of buffer mixtures which has been calibrated at temperatures higher 
than 20°. Ordinary differences of room temperature are generally neglected 
in biological work, though of course such neglect may not always be justified. 
Because the temperature was not specified and the constants only approxi- 
mately measured for purposes of illustration, the constants given by Clark 
and Lubs (6) for the various indicators have not been compared with the 
present values. A number of them differ by about 0.1 or 0.2 from those 
of the writer, and in the case of phenol red their value is in agreement with 
those of that of Barnett and Chapman. 

Cresol red is ortho-cresolsuifonphthalein, and has the molecular weight 
382. 

Thymol blue is thymolsulfonphthalein, and has the molecular weight 463. 
The changes in strong acid solution were not studied. 


PREPARATION OF THE INDICATOR SOLUTIONS 


At present the indicators are offered in the market both in the solid form, 
and as solutions of the monosodium salts. The preparation of phenol red 
offered for a renal function test, containing carbonate, is unsuitable. 
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The suitable strengths of solution for the preparation of the color standards 
are given in table 7. The percentages refer to the weight of the free acid 
indicator. It is understood that precision is not required in the concentra- 
tion of indicator solution; however, in the preparation of the monosodium 
salts ordinary care should be observed in the measurement. The quantities 
of alkali required to form these salts from the solid, free, indicators are given to 
0.01 cc. but it is only required to work as well within a tenth of a cubic centi- 
meter as possible. 

Although methyl red can be prepared as a monosodium salt in water solu- 
tion, this is not advised for measurements of the exponents of soil extracts; 
the alcoholic solution being preferred for reasons given recently (10). The 
following directions require an analytical balance. Take 20 mgm. of finely 
ground indicator, dissolve in 150 cc. of alcohol which has been redistilled over 
a little alkali, and make up the volume to 250 cc. with distilled water. The 
other solutions required are all made up in water solution. In all cases use 
a clean mortar (best of agate) and grind up the indicator with the required 
quantity of standard sodium hydroxide solution, added in portions, at first 
only moistening the indicator. The required quantity of 0.1 V sodium hydrox- 
ide solution for 0.1 gm. of indicator is given for each indicator in table 7. 
These quantities give 1.1 equivalents for each indicator except for bromcresol 
purple, for which the quantity gives 1.5 equivalents, the stated number of 
equivalents being required for solution, according to a personal communica- 
tion from Dr. H. A. Lubs. We generally use 50 mgm. instead of 0.1 gm., 
using sodium hydroxide more dilute than 0.1 WV in order to obtain accurate 
measurement. Heat may be used to effect solution, but should not be neces- 
sary. We reported difficulty in avoiding decomposition of bromcresol purple 
(10) but have had no trouble since that time and believe that the present 
technique, which is that given by Clark and Lubs (7), avoids all difficulty. 

Some of the preparations of indicators on the market are not quite pure, 
unchanged starting material apparently being present in some brominated 
indicators. For the preparation and purification of these indicators reference 
may be made to the work of Lubs and Clark (13, 14) for all but methyl red; 
and to that of Tizard for methyl red (20). The papers of Acree and his stu- 
dents contain information on this point, for which see reference no. 22 and liter- 
ature given there. The following notes, obtained from these sources, may be 
of interest. Bromphenol blue may be recrystallized from glacial acetic acid 
or (22) from a mixture of acetic acid and acetone; methyl] red and bromcresol 
purple from boiling toluol; cresol red, from glacial acetic acid; and thymol blue, 
from alcohol. . 

If the indicators contain impurities having indicator properties, the fact 
may be disclosed in use by the impossibility of matching the color of the 
unknown solution by means of any of the color standards. 
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PREPARATION AND USE OF THE COLOR STANDARDS 


The comparator shown in figure 1 is modified from those used by Hurwitz, 
Meyer and Ostenberg (11) and by Clark and Lubs (6), the principle of which 
is the same as that of the comparator of Walpole (21). The dimensions are 
suitable for test-tubes the external diameter of which is a little less than 
inch, as is the case with those described below. The essentials are that the 
various holes should lie in the proper planes, as shown by the vertical broken 
lines. These planes should lie as closely together as possible so that the two 
optical fields are near together; and the test-tubes should not be too loose in 
the holes, as otherwise the optical picture may depend somewhat on the 
position of the tubes in the holes. The view-holes are intentionally smaller 
than the tube diameter in order to give a homogeneous optical picture, and it 
is partly for the same reason that the water tubes are inserted. The interior 
of the comparator is best painted dead black. 

Test-tubes of 1.5 cm. exteri:.i diameter and 15 cm. long are suitable for the 
comparator illustrated and for the strengths given for the indicator solutions. 
It is advisable to select from a stock of tubes a sufficient number of uniform 
tubes by running into each 10 cc. of water and retaining those which are filled 
nearly to the same height. A variation of 3 or 4 mm. on a height of 8 cm. is 
permissible. Test-tubes without flanges are preferable. The tubes maybe 
held together in pairs by means of one rubber band per pair, which is wound 
about the tubes in the form of two figure 8’s. 

It is convenient to use metal test-tube racks, one for each indicator, each 
rack holding two rows of tubes, accommodating one tube of each pair in front 
and one in back. For any desired indicator a set of color standards is prepared 
by placing from 1 to 9 drops of the indicator solution in the 9 front tubes of 
the pairs and from 9 to 1 drops in the back row of tubes. A drop of alkali 
is then added to the tubes in the front row (two drops in the case of thymol 
blue), sufficient to develop the full alkaline color, and a quantity of acid is 
added to the tubes of the back row to develop the full acid color without caus- 
ing a secondary change of color. The quantity of acid to be added varies a 
little with the nature of the indicator. Table 7 tells the quantity and nature 
of the acid which can be used without danger of difficulty. If by accident 
more than one drop is added, no trouble should be caused, and the strengths 
given need only be approximate. The 0.05 NV HCl may be prepared by dilut- 
ing 1 cc. of concentrated hydrochloric acid (sp. g., 1.19) to 240 cc.; and the 
alkali, by making up a 0.2 per cent solution of stick sodium hydroxide. The 
volume is at once made up in all the tubes to a constant height (within about 
one drop) with distilled water, the height corresponding to 5 cc. A different 
volume may be chosen if desired. A rubber tube with a pinch-cock serves to 
deliver the water. In making up the volume it is convenient to hold in the 


4 We take the natural precaution of holding the delivery pipette in a vertical and therefore 
easily reproducible position when adding the indicator drops. 
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hand a tube containing the chosen volume beside the pair of tubes to be filled. 
These operations can be carried out rapidly. Investigators may determine for 
themselves under their working conditions how long the standards may be re- 
lied upon to keep. We have found most of them stable for more than two days, 
and it would appear that no change whatever need be feared during the first 
day except possibly in the case of cresol red and thymol blue. The ratios given 
in parentheses in table 7 are secured by the use of a total of 20 drops, distri- 
buted 3 drops in one tube of the pair and 17 in the other, and the volume is 
made double (10 cc.). Such tubes are used in exactly the same way as the 
others. It will be clear that the ratios 8.5: 1.5, methyl red, and 1.5: 8.5, brom- 
cresol purple are necessary if it is desired to make measurements around the 
exponent 5.6 as precise as at other points, but the other 20-drop pairs are 
seldom useful unless some of the indicators are omitted. 

If only a few measurements are to be made, it will be desirable to determine 
what indicators can be used before preparing the color standards. This is 
readily done in most cases by treating the unknown solutions with the indi- 
cators in turn until one of the indicators shows a partial transformation of color. 
If material is limited this test (or even the actual measurement) may be made 
by adding 2 drops of indicator solution to 1 cc. of solution. In some cases it 
may be necessary to use the comparator and a few color standards in order to 
make sure whether a given indicator can be used or not. When the necessary 
standards for the needed indicators have been prepared the solution to be 
examined is treated with 10 drops of indicator solution, such a quantity of the 
solution being taken in preference that the mixture rises in the test-tube to the 
height representing a volume of 5 cc. The test-tube containing the mixture 
is placed in the comparator and its color compared with the color of the stand- 
ards, any natural color or turbidity of the solution being balanced optically, 
as shown below. Various color standards are tried, one pair after another, 
until the color of the unknown is matched with one of the pairs or is evidently 
between the colors of two of them. In all cases it must be determined that the 
color is certainly within the range; thus measurements cannot be made at the 
point where the ratio is 9:1 or 1:9, as the percentage transformation of the 
indicator is so nearly 100 or zero per cent that the hydrogen-ion exponent 
might really be far from that represented by such a ratio without the fact being 
disclosed by a color difference. With turbid solutions it may not always be 
possible to locate the correct ratio when it lies even at 8: 2 or 2:8. When the 
ratio has been found which corresponds to the color of the unknown, the hydro- 
gen-ion exponent is found from table 7. Thus suppose methyl red is the indi- 
cator used for such a comparison and the color of the unknown lies between the 
colors of the standards having the ratio 5: 5 and 6: 4, then the hydrogen-ion 
exponent is found from the table to be between 5.0 and 5.2, or may be put at 
5.1, if the color was about as near one ratio as the other. When the color 
standards are being tried in succession to determine which pair matches most 
nearly with the fluid of unknown hydrogen-ion exponent it is advisable to take 
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a simple precaution. If one continues to gaze through the comparator while 
removing a color standard the color of the tested fluid will appear very strong 
as soon as the color standard is removed, and this enhancement of color will 
persist to a noticeable extent when the new color standard is inserted. On this 
account the change of color standards should always be made without looking 
through the comparator. It is advisable to make a number of changes of the 
standards, working rapidly. The eye acquires a temporary sensitiveness of 
color appreciation. 

A good arrangement of the tubes in the comparator for a right-handed op- 
erator is the following. Referring to the top view in figure 1, two tubes of 
water are placed in the two upper left-hand holes and the solution to be exam- 
ined, treated with indicator, below. The solution without indicator may be 
placed in the upper right-hand hole, and a pair serving as a color standard in 
the two lower right-hand holes. It is a natural choice to place the pair so that 
the color which is dominant is nearer the eye. 

The tubes are viewed preferably against the sky. If, in the case of some of 
the indicators (bromcresol purple, and especially bromphenol blue) a differ- 
ence of quality appears, due to dichromatism, so that no satisfactory match 
can be obtained, it will be advisable to view the tubes for the comparison in a 
yellow light as suggested by Clark and Lubs (6). They use a box containing 
carbon electric incandescent lamps and the light emerging from the box passes 
through tracing paper stained yellow by painting it with a mixture of phenol- 
sulfonphthalein (phenol red) (5 cc. of 0.6 per cent solution) andacid phosphate 
solution (5 cc. of a 3 per cent solution of KH2PO,). In using the screened light 
either white light should be shut off, or at least the arrangement should be such 
that white light does not enter the eye from one side while viewing the tubes 
in the yellow light. It is only with very turbid solutions that it is necessary 
to work with the yellow light. 

In using 10 drops of an aqueous indicator solution in a final volume of 5 cc. 
there is involved a dilution which may in special cases be undesirable. If the 
solution under examination owes its hydrogen-ion concentration to a strong 
acid, such a dilution would cause the exponent to be raised by about 0.046, an 
error not always negligible. This is the greatest error that can be caused by 
such a dilution when an aqueous indicator solution is used. (We are assuming 
that 10 drops occupy a volume of 0.5 cc.). If the solution owes its hydrogen- 
ion concentration to a weak acid the same degree of dilution would cause the 
exponent to be raised only by about 0.02, while if salts of the weak acid are 
present the error will be very much smaller. In most biological fluids no error 
as large as 0.02 is to be expected; with soil extracts it has not yet been de- 
termined how nearly the error may approach the maximum, 0.05 pH. If it is 
desired to reduce the error, each indicator may be used in two strengths, a 
dilute solution of the strength prescribed above being used for the color stand- 
ards, and a solution 5 times as concentrated being used for the solution itself, 
2 drops being added instead of 10 drops. In the work recently reported in 
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this journal on soils (10) we used 2 drops of the aqueous indicator solutions to 
5 cc. of soil extract, except in the case of methyl red, where 4 drops were used. 
If the dilute alcoholic solution of methy] red is used in soil extracts, the error 
due to addition of the alcohol in 10 drops is probably negligible but has not 
yet been shown so. With methyl red a solution 5 times as strong cannot be 
prepared in 60 per cent alcohol but one may be prepared 2.5 times as strong as 
the dilute solution, and 4 drops of this may be used in the soil extract. 


A NOTE ON CLEAR SOIL EXTRACTS BY THE USE OF COLLOIDAL IRON 


That clear soil extracts can be obtained by the use of colloidal iron is proba- 
bly known, though the writer is unable to adduce any references, no literature 
search having been made on this point. The well-known principles of colloidal 
chemistry apply to the case; namely, in the precipitation of the (negative) col- 
loids by the (positive) colloidal iron the reaction is nearly quantitative, but 
not to an inconvenient degree, so that practically clear solutions can be ob- 
tained with some variation in the proportions of the soil and the colloidal iron. 
If the iron is added in portions, a larger quantity is required, also a slight excess 
of iron may be caused to disappear by again shaking up the soil with iron. 

A commercial “dialyzed iron” was found to contain enough acid to affect 
somewhat the hydrogen-ion exponent of the extracts obtained by its use. 
Although the addition of silver nitrate did not cause precipitation (at least 
immediately), an immediate change was easily visible upon examination by 
reflected sunlight through the side of the test-tube. On dilution the solution 
showed a high acidity against methyl red. After removal of the iron by addi- 
tion of ammonia and boiling, a strong test for the chlorine ion was given with 
silver nitrate in the presence of dilute nitric acid. The preparation contained 
7.5 gm. of solids in 100 cc. Gravimetric analysis showed a ratio, Fe.O3:AgCl, 
equal to 2.9. The variations in the formula for the “oxychloride” of dialyzed 
iron given by the United States Dispensatory (19th edition), on the authority 
of Graham, correspond to variations in this ratio of 2.4 to 8.8. 

A quantity of the commercial preparation was redialyzed in a thin collodion 
bag in running distilled water, the velocity of which was increased about the 
bag by putting it in a tube of only slightly greater diameter. The dialysis 
continued two days and the ion did not precipitate in this time. Water en- 
tered during the dialysis, causing a dilution of about 25 per cent. The redi- 
alyzed product was found to have lost but very little of its precipitating power 
for soils. When it was diluted, two drops to 10 cc., and attempts were made 
to determine its hydrogen-ion exponent, methyl red gave the exponent 4.8; 
and bromcresol purple, a very different result, 6.2. Analysis showed the ratio 
Fe,0;: AgCl, equal to 6.4. 

This redialyzed iron was used to obtain clear soil extracts for the measure- 
ment of hydrogen-ion exponent in the following way. To 30 cc. of distilled 
water in a wide test-tube, 15 gm. of the air-dry soil were added, the tube 
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closed and violently shaken 50 times. The dialyzed iron solution was added and 
the whole immediately shaken a few times to mix thoroughly. On standing, 
if the proper quantity of iron had been added, the soil particles began at once 
to subside and soon left a perfectly clear extract above, save for a few floating 
particles around the edge of the surface. If not quite enough iron was added, 
fine white suspended particles could be seen, which did not interfere with the 
measurements. Excess of iron, which is shown by the color of the suspended 
particles, was carefully avoided, as this had already been found to yield results 
more or less too acid. The clear fluid was drawn off in a pipette well rinsed 
with distilled water and the hydrogen-ion exponents determined by the tech- 
nique given in this paper. The results are given in table 8, together with the 
results which had previously been obtained for the given soils colorimetrically, 
by the use of a centrifuge (without iron) and buffer mixtures, and also electro- 
metrically. The first seven soils were Caribou loam and the last two Wash- 


burn loam. 
TABLE 8 


Hydrogen-ion exponents measured for some soils by the use of the colloidal iron method of clearing, 
compared with the results obtained by the usual methods 


HYDROGEN-ION EXPONENTS 
SOIL QUANTITY OF IRON 
SOLUTION ADDED 
Iron method Centrifuge method | Electrometric method 
1 8 drops 4.55 4.5 4.50 
Z & drops 4.9 4.9 4.64 
3 7 drops 4.8 4.8 4.80 
4 9 drops 4.95 4.75 4.80 
5 6 drops 5.05 5.0 4.90 
6 2:Ce; 5.0 5.0 5.00 
7 2'cc. Siz 5.0 5.00 
8 fice: 5.65 5.6 5.68 
9 12 drops 5.8 ot 5°75 


In the case of the Caribou and Washburn loams listed in table 8 the extracts 
prepared with iron gave practically the same results as did those obtained with 
the centrifuge (and of course without iron). Those obtained with iron are 
also far clearer than can ordinarily be obtained with a centrifuge of usual 
power. A heavy red (Susquehanna) clay, not air-dried, suspensions of which 
could not be cleared sufficiently with a centrifuge to permit any measurement 
of hydrogen-ion exponent, gave a water-clear extract by the use of a small 
quantity of iron solution. The use of iron would be of especial use in the 
case of fresh soils, which are more “colloidal” than after air-drying. 

Nevertheless, the writer does not feel justified in proposing such clearing 
with iron for the measurement of hydrogen-ion exponent, on the ground that 
other soils, with possibly smaller “buffer action,”’ might possibly be changed 
by the residual acidity of the colloidal iron used. It is not supposed that col- 
loidal iron can really be prepared entirely free from acid. It is supposed to 
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be a mixture, in varying proportions, of oxychloride and hydrate. The hydrate 
of the mixture does not, however, show the same solubility relations as does 
freshly precipitated hydrate. Although the ratio, Fe,O3;: AgCl, for a given 
preparation would serve in some degree to specify the degree of dialysis, it 
would appear that considerable more work would have to be done on the sub- 
ject in order completely to specify the properties necessary for obtaining reli- 
able results. It may, however, be well worth while for those who can check 
the results for different types of soil, either electrometrically or colorimetrically 
by the use of a centrifuge, to test the applicability of the method for themselves. 


SUMMARY 


A simple technique has been described in full for the preparation and use of 
a series of color standards for the colorimetric determination of hydrogen-ion 
exponent. No buffer mixtures are required. From the method of calibration, 
however, any salt or protein errors will be the same as if the measurement had 
been made with the 0.05 M buffer mixtures of Clark and Lubs. 

Each color standard consists of two test-tubes, one tube containing dilute 
alkali and the other dilute acid. The tubes contain altogether 10 drops of 
indicator solution, the ten being divided between the alkaline and the acid 
tubes in various “drop-ratios.” 

A table is given (table 7) containing all the necessary data. 

The method is based on a study of the nature of the color change of the indi- 
cators with change of hydrogen-ion exponent (pH). For all the indicators 
selected the following equation, which comes from the mass action law, was 
found to hold within the experimental error of the color readings: 


pH = & + log (drop-ratio). 


The indicators studied are from the selection of Clark and Lubs; and the 
values of the constant k of the equation, good to about 0.1 at 25-30°, are as 
follows: bromphenol blue, 4.1; methyl] red, 5.0; bromcresol purple, 6.3; brom- 
thymol blue, 7.1; phenol red, 7.7; cresol red, 8.1; and thymol blue (alkaline 
range), 8.8. 

Soil extracts were prepared, water-clear, by the use of colloidal iron solution. 
Measurement of the hydrogen-ion exponents of these extracts (from nine soils 
only) gave the same results as were obtained by the usual methods. Without 
further study, however, such use of colloidal iron cannot be recommended for 
general use. 
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INTRODUCTION 


The rate of decomposition of leguminous crops is becoming an extremely 
important practical question in soil fertility and crop production. The rate 
of nitrate production is the most important phase of this subject, bearing 
directly upon the value of the crop for soil improvement either in the green 
or in the cured condition. Two methods have frequently been employed for 
measuring the rate of decomposition of organic materials such as occur in 
nature. One consists in measuring the carbon dioxide production at various 
intervals; the other is concerned with the determination of nitrate nitrogen 
at various periods. This latter method is superior in most cases, as it is 
possible to determine the actual amounts of nitrate nitrogen present, the 
amount used by the crop, and that lost by leaching. It furnishes data on the 
nitrogen requirements of the plants at critical periods. The importance of 
the element nitrogen and the changes occurring in the nitrogen cycle demand 
more consideration than the changes occurring in the carbon cycle, owing to 
the solubility, expense and amount of the element nitrogen required for crop 
growth. There has been no method developed that indicates that there is 
a true ratio between the amount of carbon oxidized and the amount of nitrogen 
oxidized. That such a ratio may exist at certain times for some crops cannot 
be denied, but the fact that non-nitrogenous materials constitute a large pro- 
portion of most of the materials that are used for soil enrichment and that 
the ratio of carbon to nitrogen is constantly changing with maturity, is sufficient 
evidence to indicate clearly the wisdom of studying the nitrate production in 
preference to that of carbon dioxide. 

Red clover and sweet clover (Melilotus alba) are seeded in small grains, 
usually in the winter or early spring, to be plowed under the following year, 
either green or after a seed crop has been taken. 

It will be evident that any condition which may be found or that can be 
created that will insure ample nitrate nitrogen from a leguminous crop plowed 
under as manure for the succeeding crop of that year, will assist materially 
in increasing crop yields and in eliminating nitrogen as a limiting element. 
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Furthermore, it will be just as obvious that a retarded nitrate nitrogen 
production, which fails to supply nitrate at ‘the critical periods in the growth 
of the crops, but which may supply large amounts later, will tend to result 
in wasteful losses through leaching, and not infrequently in delayed growth 
and maturity of the crop. The importance of controlling the rate of nitrate 
production is such as warrants extended study of this subject. 

This paper is a contribution to that phase of the subject of the decomposition 
of leguminous crops that is concerned with the comparative rate of decomposi- 
tion of common red clover tops, when employed as a manure, in the green 
and in the cured condition. 


HISTORICAL RESUME 


Only a few articles have been found in the literature which have a bearing 
upon the particular phase of the subject under study.' Potter and Snyder 
(3) studied, in one case only, the decomposition of green clover and compared 
it with the decomposition of some dry clover in another experiment. While 
a direct comparison is not available, their results indicate a more rapid pro- 
duction of carbon dioxide in soil treated with the green clover than in that 
treated with air-dried finely-ground clover. This work is in accordance with 
other experiments in regard to the rapid initial decomposition that takes 
place with green manures. No study was made of the nitrogen in the materials 
and therefore the work is not of assistance in estimating the comparative 
production of nitrates. 

Boltz (1) reported two experiments in which green clover incorporated with 
the soil was compared with green clover allowed to remain on the surface, 
and found more decomposition had taken place with the clover on the surface 
than when incorporated with the soil. This experiment furnishes valuable 
information in connection with fall plowing of crop residues compared with 
leaving them on the surface. It is rather surprising to find such a large decom- 
position of carbonaceous material with no apparent loss of nitrogen. The 
amount of carbon represented as lost with no nitrogen loss indicates clearly 
a decomposition of non-nitrogenous constituents of the material or only a 
partial transformation of the nitrogen contained. If the experiments had 
extended through the period of most active decomposition which occurs 
usually in late May and June, no doubt entirely different results would have 
been obtained. It suggests the desirability of more investigation along this 
line. 

Hutchinson and Milligan (2) studied the decomposition of a legume crop 
in the green condition, and after drying for 24 and 48 hours, in connection 
with the rate of ammonia, nitrite and nitrate production. This work is 


1 The work reported in this publication was completed in 1916 but publication was delayed 
on account of the war. An article published by J. W. White (Soil acidity as influenced by 
green manure. Jn Jour. Agr. Res., 1918, v. 13, p. 171-197) supports the data herein reported 
as regards the rate of decomposition of green and air-dried materials. 
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TABLE 1 


Effect of drying green crop before burial 
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pertinent to the data presented by the authors of the present article. The 
legume used by Hutchinson and Milligan was Crotalaria juncea and the samples 
were cut from plantings four weeks old. This young succulent growth pos- 
sessed a moisture content of 452.1 per cent on the water-free basis, or 81.8 
per cent of the green material. The results in table 1 are taken from their 


By calculating from the authors’ data, it will be found that the total inor- 
ganic nitrogen transformed was 68.1 per cent, 57.3 per cent, and 47.1 per cent, 
for the crop buried immediately, that buried after drying for 24 hours, and 


NITROGEN 


NITROGEN PER 100 GM. SOIL 


paceman ee 1 2 3 4 6 8 12 
week | weeks | weeks | weeks | weeks | weeks | weeks 
mgm mgm. | mem. | mgm. | mgm. mem mgm. 

Ammonia | 6.9 | 2.5 | 1.0 | 2.0 | 1.0 | 2.0 2.0 
Buried iamediately Nitrite 1.2- | O08 | nil nil | 0.01 | 0.01 | 0.02 
Nitrate 3.1 |6.9 | 8.4 |8.9 |.9.4 | 9.8 8.7 
68 .O%T 
Ammonia | 6.5 | 3.5 [2.5 135 | 3.5 | 35 2.0 
Buried after drying for}| Nitrite 1.1 | 0.02 | 0.02] nil | 0.02 | 0.03 | 0.02 
24 hours Nitrate 4.1 }5.1 |60 |69 |69 | 6.9 6.5 
45.3% 
Ammonia | 5.4 | 3.5 | 4.0 | 4.0 | 2.5 | 3.0 aS 
Buried after drying 48}| Nitrite 0.05 | 0.02 | 0.03 | nil | 0.02 | 0.03 | 0.02 
hours Nitrate a8 | Sek Sd 15:3 1-35.42 | 64 5.8 
39.1% 


that buried after drying for 48 hours, respectively. 


* 12.8 mgm. of nitrogen were added in green material per 100 gm. of soil. 
f Per cent nitrified of organic nitrogen added. 


When, however, the 


nitrate alone is considered the differences are much greater in favor of the 
“buried immediately” material. 
greater with the treatments which had partially dried. The presence of 


The production of ammonia was somewhat 


nitrite for the first seven days is of considerable importance to note, as the 
amount is sufficiently high to be injurious to most vegetation. 

Another point of interest that appears throughout the whole work of these 
investigators is that the maximum nitrate production was found to occur 
at the eighth week from the time of burial. 
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EXPERIMENTAL METHODS 


The experiment reported in this paper was planned with the object of 
making a comparative study of the rate of decomposition of red clover tops, 
turned under green and cured by drying, all other conditions and factors 
being the same in both cases. The rate of decomposition was studied by 
experiments conducted in both the laboratory and the greenhouse. The 
main points considered were the transformation of the nitrogenous compounds, 
loss of carbon, and the effect upon growing crops planted at various periods 
after the beginning of the experiment. 


General plan 


The experiment was conducted in parallel in the greenhouse and in the 
laboratory. Twelve 1-gallon earthenware jars were prepared for the green- 
house experiment; four containing the soil alone, four a mixture of the soil 
and green clover tops, and four a mixture of the soil and cured clover tops. 
Two jars of each treatment were selected to draw samples from, for the ana- 
lytical work, and the other two were reserved for growing oats. In order to 
make the chemical determinations more accurate, it was necessary to make 
a rather heavy application of organic matter. Consequently, the clover was 
applied at the rate of 50 tons of green manure per two million pounds of soil. 
In the laboratory experiment 3-pint jelly glasses, covered with tin lids in 
which a small hole had been punched, were used for containers. Sixty glasses 
were prepared, twenty for each of the above mentioned treatments. The 
applications of organic matter were approximately twice as much as in the 
i-gallon jars. 

The additions of green and cured clovers were in equivalent amounts; that 
is, the loss of moisture in curing was determined and the applications were 
made so that every jar received the same amount of organic matter. At the 
time the clover was mixed with the soil, the cured-clover-soil mixture was 
moistened with sufficient distilled water to bring it to the same moisture 
content as the green, thus both treatments were uniform with respect to 
moisture content. 


Materials used and their preparation 


The soil used was a heavy phase cf brown silt loam. The clover was of 
a late fall growth, and represented both young and old plants, some which 
were large and woody with dried-up blossom heads. The original sample 
was thoroughly mixed and divided into two portions of 1500 gm. each. One 
portion was spread out thinly on a sheet of cheesecloth and dried for three 
days in the breeze from electric fans. In the three days of curing the weight 
of the clover decreased to 441 gm. The other portion was stored in shallow 
trays in a refrigerator at a temperature a few degrees above the freezing point. 
The green clover weighed 1504 gm. when removed from the refrigerator. 
Both lots were cut into pieces of approximately $ inch in length. 
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Details of greenhouse experiment 


Three lots of soil weighing 16 kgm. each were placed in piles on the green- 
house bench. To one lot was added 720 gm. of the chopped green-clover 
tops; to the second 211.6 gm. of chopped, cured-clover tops and 508.4 gm. 
of distilled water. The added materials were thoroughly mixed throughout 
the whole soil mass. To the third lot of soil no addition was made, but it 
was subjected to the same mechanical treatment as in the other cases. Four 
1-gallon jars were filled with each mixture and four with soil alone, each jar 
receiving a total of 4000 gm. 

The soil used was obtained directly from the field and when collected, con- 
tained an optimum moisture content; consequently no water was added except 
in cases where a deficiency resulted due to handling or where rapid evaporation 
from the green clover occurred. The total weights of the jars were recorded 
and they were periodically brought up to the original weight by the addition 
of nitrogen-free distilled water. The original moisture content was lowered 
somewhat as decomposition progressed, because of the larger amount of 
available moisture resulting from decreased capacity for absorption. The 
soil in these jars was cultivated and thoroughly stirred after each sampling. 
On the third day after starting the experiment one jar of each treatment was 
planted with 16 selected seeds of Silver Plume oats, and on the twenty-first 
day, another jar of each treatment was planted with 20 selected seeds of the 
same variety. 


Details of laboratory experiments 


In each of the sixty jelly glasses was placed 120 gm. of the same lot of soil 
as that used in the greenhouse experiment. The first twenty received in 
addition 10 gm. each of green-clover tops, which had been chopped as previ- 
ously described. To the next twenty glasses were added in a similar manner 
2.93 gm. of cured-clover tops and 7.1 gm. of distilled water. The remaining 
twenty glasses served as checks. The glasses were all weighed and whenever 
necessary enough water was added to restore them to their original weight. 
They were cultivated after each watering. These treatments were incubated 
at room temperature in the laboratory. In order to test the effect of a limited 
supply of oxygen on the decomposition, four shaker bottles were added to 
the experiment. In the first two were placed 120 gm. of soil and 10 gm. of 
green-clover tops, while the other two received 120 gm. of soil, 2.93 gm. of 
cured-clover tops and 7.1 gm. of distilled water. These bottles were stoppered 
tightly and incubated at room temperature for seven months. The details 
of the experimental plan are arranged in table 2. 
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Sampling and analytical methods 


In sampling, the whole of the contents of the jars in the greenhouse was 
stirred with a large spatula and then an equal weight of soil was taken from 
each of two jars of the same treatment. The soil was then mixed together, 
making a composite sample of the same treatment from two jars. In the 
laboratory the total contents of two jelly glasses from each treatment were 
mixed in the same manner as the samples from the jars. Samples were taken 
in this manner to avoid, as much as possible, individual differences among 
the containers. 

Moisture determinations were made by drying in the electric oven at 110°C. 
in the usual manner. Ammonia nitrogen was determined in duplicate on all 


TABLE 2 
Details of experimental plan 
een. | TOTAL 
TREATMENT son, | croven | warze| Tune yong "GEN. —— 
PRESENT ADDED PRESENT 
Materials used in four jars 
gm. gm. gm. | percent) p.p.m. | p.p.m.| p.p.m. 
Greenhouse: 
Soil and green clover........... 16,000 | 720.0} 0 | 33.00} 14,163 | 497.1} 4,084 
Soil and cured clover........... 16,000 | 211.6] 708.4} 33.00} 14,163 | 437.8) 4,036 
oN ee eee er 16,000 0 | 308.0) 29.87) 0 0 | 3,522 
Material used per glass 
Laboratory: 
Soil and green clover........... 120} 10.0 0 | 33.25] 25,215 | 885.6] 4,331 
Soil and cured clover........... 120} 2.93) 7.1) 33.25) 25,662 | 792.0) 4,236 
a ae eee 120 0 4.0} 30.38] 0 0 | 3,535 


of the samples by aeration with magnesium oxide at room temperature. This 
method was first developed in this laboratory. Since this work was completed, 
results showing the value of magnesium oxide in aeration methods for ammo- 
nia determinations in soils have been published from the Ohio Experiment 
Station and therefore need not be repeated here. 


For the nitrate determinations 


The dried soil was put into 400-cc. shaker bottles and 300 cc. of hydrochloric 
acid (5 cc. of concentrated acid in a liter) were added to each bottle. The 
bottles were then shaken 20 minutes, and then allowed to settle over night. 
Two hundred cubic centimeters of the supernatant liquid were removed and 
placed in Kjeldahl flasks. Six cubic centimeters of potassium hydroxide 
solution (600 gm. per liter) were added and the ammonia expelled by boiling 
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almost to dryness. One gram of Devarda’s alloy was added to each flask 
together with 250 cc. of water. The distillation was carried out in the usual 
manner. Rosolic acid was used as the indicator in titrating. 

The total nitrogen and total carbon were determined on the air-dried samples 
by the Kjeldahl and sodium peroxide fusion methods, respectively. Slight 
differences were found between the nitrogen content of the green and cured 
clover tops. The differences were not, however, sufficient to affect the 
determinations. The slightly lower nitrogen content of the cured clover is 
unaccountable, but similar results have been observed by other investigators. 


EXPERIMENTAL RESULTS 


Table 3 shows the ammonia and nitrate content of the various treatments 
at different periods in the progress of the greenhouse experiment. The figures 
show that the decomposition of both kinds of clover was fairly rapid. The 
maximum ammonia content was found at the beginning of the experiment. 
There was a gradual decrease to about the normal production for the brown , 
silt loam soil. There was not the slightest indication of a very rapid accumu- 
lation of ammonia in the early days of the experiment such as has been found 
repeatedly in this laboratory with green alfalfa or dried blood. The difference 
in ammonia production between fresh and cured clover is not such as to indicate 
anything of value regarding the rate of decomposition of the two materials. 
This, of course, was to be expected in a soil of this type. Ammonification is 
not an index as to the rate of decomposition. The production of nitrate from 
the fresh clover proceeded rapidly from the beginning, and continued well 
in the lead for two months over the production from the cured clover. On 
the eighty-ninth day the nitrate content of the two treatments was practically 
the same, and on this date also both treatments showed a maximum increase 
in nitrate over the soil alone. The proportion of the original nitrogen added 
transformed into nitrate for the fresh clover was 31.34 per cent, and for the 
cured, 34.35 per cent. 

It is to be noted that the important differences occurred during the first 
eight weeks. This more rapid decomposition on the part of the green material 
is an important consideration, particularly in connection with a crop such as 
corn, which is planted after the plowing under of a green manure about the 
first of May. If differences of this kind occur between fresh and cured clover, 
such as that used in the experiment, it is reasonable to assume that much 
greater differences would occur with clover which had been subjected to longer 
curing. Curing appeared to have a retarding effect in the early stages of 
decomposition, but the effect was not noticeable after two months. 

The results obtained in the laboratory are shown in table 4. The largest 
content of ammonia was found in the green-clover treatment at 10 days. 
Because of the larger amount of material used in the laboratory experiment, 
a much greater accumulation of ammonia was to be expected, especially with 


144 ALBERT L. WHITING AND WARREN R. SCHOONOVER 


the green clover. The amount found, however, is only about 9 per cent of 
the nitrogen applied in the case of green clover and less than 3 per cent in the 
case of cured clover at 10 days, when the maxima occurred. At 10 days the 
green clover was still higher than the cured, but from that time on there was 
little difference between the two treatments. The results of the nitrate 
determinations are much more striking than those of the ammonia. The 
green clover produced nitrate very rapidly with a maximum transformation 
of 35.8 per cent of nitrogen added after 43 days. The cured clover produced 
nitrate more slowly; only 15.7 per cent of the nitrogen applied was found in 
the form of nitrate at the end of 43 days. 

The maximum nitrate accumulation for the cured clover occurred at 152 
days when 24 per cent was nitrified. The largest actual amount of nitrate 


TABLE 3 


Ammonia and nitrate nitrogen content of soil treatments at different periods in greenhouse 
experiment 


NITROGEN AS PARTS PER MILLION OF WATER-FREE SOIL 


TREATMENT " 
152 | 213 


89 
days | days 


days 


30 


43 | 59 
days 


days days 


0 
days 


10 
days 


18 
days 


Ammonia 


p.p.m.| p.p.m. | ppm.) p.pm.| p.p.m.| p.pm.| p.p.m.| p.p.m.| p.p.m. 


Soil and green clover....| 23.9*| 21.7 | 14.0 | 11.3) 15.6) 13.1) 4.6) 13.5 fe 

‘Soil and cured clover....| 27.8 | 17.6 | 7.5 3.9} 21.9) 9.6) 4.9) 13.8 8.6 

oS See eee 9.4] 9.6; 6.3% 4.3) 8.6 6.3) 3.1) — 5.6 
Nitrate 


Soil and green clover....| 10.2 | 80.4 [101.1 | 112.3) 102.5} 122.3] 197.8/163.4 | 203.7 
Soil and cured clover....| 10.6 | 56.1 | 85.4 | 83.1] 93.8} 103.9) 192.4) 84.4% 178.4 
eee rere 9.4 | 36.6 | 32.8 | 24.8) 24.9) 24.6} 42.0) 43.5] 51.6 


* Single determination; all the others are averages of duplicates. 


found was 347.1 parts per million, and whenever the nitrate approached this 
amount, a drop occurred followed by another approach to the maximum. 
This was thought to be due to a sufficient toncentration of the nitrate to 
inhibit biological action, but upon calculation it was found that this could 
not be a factor, and it appears that an equilibrium may occur between protein 
formation and nitrification when the maximum is reached. This equilibrium 
may be broken by protein formation exceeding nitrification, and vice versa. 
Total nitrogen determinations gave no evidence that denitrification was taking 
place. The effect of curing on ammonification was of no importance, but a 
very marked effect was observed on nitrate production. This effect was 
much greater in the laboratory experiment than in the greenhouse experiment. 
Although almost the same maximum percentage of nitrate production was 
found from both the fresh and the cured clover, the attainment of this max- 
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imum was delayed 109 days by the curing in the laboratory experiment. 
Whether the difference between the laboratory and the greenhouse experiments 
was due entirely to the different rates of application of the clover or to some 
other influences cannot be told from the data at hand. It is evident that 
both methods are sufficient to indicate the direction the decomposition takes, 
and data obtained by these methods are perhaps as reliable as the results 
obtained under field conditions. The data do not indicate that the kind of 
decomposition in the case of the fresh and cured material was essentially 
different. The per cent of nitrogen changed to nitrate was almost the same 
in both laboratory and greenhouse methods. This per cent was not influenced 
by the curing or by the rate of application. 


TABLE 4 


Ammonia and nitrate nitrogen content of soil treatments at different periods in laboratory 
experiment 


NITROGEN AS PARTS PER MILLION OF WATER-FREE SOIL 


TREATMENT 
18 
days 


30 
days 


43 
days 


59 
dvys 


89 
days 


152 
days 


0 10 213 
days | days days 


Ammonia 


p.p.m. | p.p.m.| p.p.m.| p.p.m.| p.p.m.| p.pm.| p.p.m.| p.p.m.| p.p.m. 
Soil and green clover....| 48.9 | 89.6 | 34.8} 13.5} 21.5] 14.6) 3.2] 19.2) 5.4 
Soil and cured clover....| 36.1 | 36.7 | 20.0} 14.0} 20.0) 17.8) 8.6} 19.1) 8.4 
SOM ONES. sa caaccisses 9.6] 8.1 2 SE HOE Sa SB) TS) O87 


Nitrate 


Soil and green clover....| 10.0 | 95.9 | 206.0 269.4 347.1} 338.9] 300.5} 289.6) 326.7 
Soil and cured clover....| 10.0 | 71.2 | 114.4] 130.8] 154.7] 197.4] 266.8] 332.9} 309.0 
Gol alin sas «.canssu os 9.4] 18.0%; 26.1 24.3 30.2} 49.2 63.41 66.0 


* Single determinations; all the others are averages of duplicates. 


Decomposition in presence of a limited supply of oxygen 


The senior author had occasion to observe a very acid decomposition of 
green vetch which appeared to be due to an excess of moisture. In order to 
test the possibility of clover producing the same kind of fermentation, both 
green and cured clover were subjected to conditions of a limited supply of 
oxygen by incubation in stoppered shaker bottles as described above. The 
decomposition under these conditions was found to be widely different. In 
table 5 are included the ammonia and nitrate results. 

The high accumulation of ammonia with the green clover is sufficient under 
normal conditions to stop nitrate production in this soil, but not sufficient 
to stop nitrite formation. The cured clover produced a large amount of 
nitrate and actually consumed in so doing about 66 per cent of the available 
oxygen. The green-clover treatment possessed the odor typical of silage and 
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was extremely acid. It should be observed that this is not a case of denitrifi- 
cation, but a case of an acid fermentation in which the initial stages of ammoni- 
fication were not inhibited. It suggested that an acid fermentation may result 
under field conditions when the green decomposing material is in any way 
sealed up by water or by a blanket of carbon dioxide in the soil. Further 
work will be conducted along these lines, as it appears that this condition is 
not infrequently met with in wet seasons, and is a probable cause of injury 
to crops planted after plowing under heavy growths of green manures. The 
stems and leaves were in a fair state of preservation after 7 months in these 
treatments, while under more open conditions only small portions of the 
woody stems were found. 


TABLE 5 
Ammonia and nitrate nitrogen produced by green and cured clover with a limited oxygen supply 
Duration 213 days 
NITROGEN 
TREATMENT 

Ammonia Nitrate 

d. p.m. Dd. p.m. 

ee ee ee ee 224.9 6.0 

NE EE isco Said cei emia Su ese wees a es 106.6 97.2 


Loss of carbon 


The loss of carbon during 152 days of the experiment is reported in table 6. 

While there is a relatively large error in the total carbon determinations, 
nevertheless these results show distinct decreases in the. carbon, and in all 
cases the green clover lost considerably more than the cured. 


TABLE 6 


Loss of carbon during 152 days of decomposition 


TREATMENT CARBON LOST 
p. p.m. 
Greenhouse: 
MO Be 5.icictin ys Be +b SS won wae won sw as-o% 2456 
ee IE cc nS oar wee iv a tech ein a sw aish Oe eaie 2214 
Laboratory: 
NEN 2 ice ncnbieywebweulbeiesnmeKes eemeceety 8218 
aN II Cr 8 a oo ers eae sews evi aw wb wR 5857 


Carbon and nitrogen relationships 


The ratio of total carbon to total nitrogen, and the ratio of carbon lost to 
nitrate formed, are given in table 7 in order to show the rapid narrowing that 
occurred in a relatively short time, and to further point out the fact that the 
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carbon-nitrogen ratio of the green-clover treatment narrowed faster than that 
of the cured-clover treatment. The ratio loss of carbon to nitrate formed 
was much greater with the green-clover treatment than with the cured-clover 
treatment. These ratios represent quite accurately the relative rates of 
decomposition of the two materials and the relative rates as they occurred in 
the two experiments. The carbon-nitrogen ratio indicated that the green 
clover had reached a more advanced stage of decomposition than the cured 
clover. 


TABLE 7 
Carbon and nitrogen relationships 
RATIO OF 
RATIO OF CARBON TO 9 ot 
FORMED 
TREATMENT 
0 days 152 days 
CtoN 
CtoN CtoN 
Greenhouse: 
SOMIAMG SPCERICIOVER  .o5 6 cok cc a Cac esd a cet ealen ser 12.4-1 | 11.7-1] 12.3-1 
SSG ANG CUCU GIOVE 3 56 sc es 55 2 acess ne cro se ee wis eels 12.4-1 11.8-1 11.5-1 
Laboratory: 
SUQUSATIEL ER OOTCLOVET os .n5'5 bis 2 on sisinleis.c'etemulse tedian's oes 12.8-1| 10.9-1] 23.6-1 
ROHAN CUPCR COVED aie. 6:0 5 iee. c/ccae etaneeieiyracsee aces ters 12.6-1 | 11.1-1| 17.6-1 


Effect of decomposition of green and cured clover on oats 


One jar of each treatment was planted with Silver Plume oats 3 days after 
the experiment was started and 21 days after starting, a second planting was 
made in three other jars. The oats from the first planting were up after 4 
days. Injury in the germination was noticeable where the organic matter 
was present and it was greater with the green clover. Only 6 seeds out of 
16 germinated at all and these very poorly where the green clover had been 
applied, while 10 germinated where the cured clover was applied and 16 in 
the soil check. For about two weeks the plants in the green-clover treatment 
were much behind those in the other treatments, but gradually the differences 
disappeared. The oats were germinated at a time when the temporary 
ammonia accumulation from the green clover might account for the injuries 
observed. No injuries were observed with the oats planted 21 days after the 
applications were made. In both cases at the close of the experiment the 
green and cured treatments were ahead of the checks. 
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DISCUSSION 


Hypothetical reasons for differences in rate of decomposition between green and 
cured clover 


In considering the greater initial rate of decomposition exhibited by the 
green clover as found by all methods used to study the decomposition, it did 
not appear that there were any indications of purely chemical changes having 
occurred in the clover during dehydration. Enzymic action as a factor in 
affecting the cell contents is not an impossibility, but the temperature at 
which the green clover was held during the dehydration of the lot with which 
it was compared, would exclude the possibility of much change in it, while 
the dehydration process with the other lot of clover would require the action 
of the synthetic enzymic processes to retard its rate of decomposition by 
stabilizing the nitrogen compounds. 

The explanation that seems to fit the results found is based on a physical 
hypothesis. The loss of water is of course accompanied with an increase in 
the concentration of salts in the cells. This brings about a hardening of the 
cell contents, and the whole material becomes more horny and shriveled. The 
diffusion of nitrogenous substances is stopped until hydration has been reestab- 
lished. The colloidal nature of the cell contents causes them to become 
hydrated slowly, after a previous dehydration. Apparently the time required 
to bring about the hydration in a normal soil is sufficiently long for the ammoni- 
fying bacteria to gain headway on the green material, and consequently to 
effect a much greater rate of decomposition than those acting on the dehy- 
drated material. 

CONCLUSIONS 


1. The comparative rate of decomposition of green and of cured red clover 
tops was studied in soil. Curing retarded the rate of decomposition as meas- 
ured by ammonification, nitrification and loss of carbon in both laboratory 
and greenhouse experiments. The green clover produced nitrate very rapidly, 
with a maximum transformation in the laboratory experiment at 43 days of 
35.8 per cent, while with the cured clover at the same period only 15.7 per 
cent of the nitrogen had been transformed. In the greenhouse experiment 
the green clover was well in the lead in nitrate production during the first 
two months. 

2. Green and cured red clover underwent the same kind of decomposition 
under aerobic conditions. 

3. With the oxygen supply limited, the types of decomposition of green 
and cured red clover were vastly different. 

4. There was no measurable loss or gain of nitrogen during the experiment. 

5. The loss of carbon, and the change in the carbon-nitrogen ratios agreed 
with the other determinations in showing a difference in rate of decomposition 
between the green and the cured clover, but did not indicate a difference in 


kind. 
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6. The change which dehydration (curing) brought about in the rate of 
the initial decomposition appears to be of a physical nature only. An explan- 
atory hypothesis is that dehydration resulted in a hardening and shriveling 
of the tissues which interferes with the reentrance of water and consequently 
delays the decomposition because the bacteria must await the softening of the 
tissues before they are able to start their work, while with the green no such 
delay occurs, as the cells are already hydrated. 

7. Planting oats 3 days after treating the soil with green and cured clover 
resulted in serious injury which delayed growth. It was greater with the 
green clover. 
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Lime-water (calcium hydroxide) added to so-called “acid soils” as an index 
of the lime requirement, has been generally employed by analysts since 
Veitch (5) outlined his method in 1902. Many workers throughout the 
country consider the method superior to any other as an indication of the 
total lime requirement of a soil and advise treatment accordingly. In scien- 
tific investigations of soil problems pertaining to soil acidity and general 
fertility, the method is often used to show various changes that have occurred. 
Whenever a new method for soil acidity or lime requirement has been sug- 
gested the Veitch lime-water method is usually taken as a means of com- 
parison. A similarity of results is often considered desirable. In view of 
these conditions it is important that we have as complete a knowledge as 
possible of all factors that would influence the results obtained by the method 
in question. 

During the course of an investigation pertaining to the acid condition of 
Oregon soils it was observed that the lime requirement of an acid soil, as indi- 
cated by the Veitch (5) lime-water method, was greater after treatment with 
limestone than before treatment. Since the first determination was made 
on a hot-water bath while the later one was carried out on a sand bath heated 
by a coil of steam pipes, it was thought that the degree of heat or manner of 
evaporation might be an important controlling factor and account for the 
inconsistent results. Accordingly, a study was made to ascertain the various 
conditions that affected the lime requirement as shown by results of the 
lime-water method. 

Five acid soils, widely different both physically and chemically, were used 
in the investigation. A physical classification as shown by a mechanical 
analysis is as follows: 


PUR Ae See terre ticrora crest araaie sia pee Nae ke a Ra ros MeL ae RAE Silty loam 
PRP ANS fic a te: 5 aN c! carats oi sty aaPS Cows lars Mate aia wines sia Was aloateceaiuled Gravelly loam 
De TERN ee sities, Sule a en ahin ci wert inated getr ay cides Williamette silty loam 
MPa MMMM eee ete aa Tan a a Fase Ces] ha ahecta (WANG IS eum SESE ra CER RR ATI ete SRS Clay loam 
LOSE 8 CDS arr A tac gon Pe Rey a a rr ee ee Medium sandy loam 


The soil samples were air-dry, and, except for a limited amount of grinding 
with a rubber-tipped pestle, were used as obtained from the field. 
151 
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In all determinations of the lime requirement the procedure was followed 
as recommended by Veitch (5). The quantity of soil used each time was 
10 gm. Water was first added to the soil to make the final amount 65 cc. 
after the standard lime-water was added, except for those soils having an 
abnormally high requirement. Evaporations were then carried on, as will be 
described later. After drying, the soils were taken up with distilled water 
and transferred to 250-cc. centrifuge bottles, 75 cc. being the total amount of 
water used. The bottles were shaken occasionally during 3 hours of the 
afternoon and allowed to stand over-night. Instead of decanting through 
filter paper, the bottles were placed into a centrifuge and whirled at the rate 
of about 2400 revolutions per minute until a clear solution was obtained. 
After the addition of phenolphthalein indicator, 50 cc. of this solution was 


TABLE 1 
The effects of heating on the lime requirements of a soil by the Veitch method 
LIME REQUIRE- 
— aa TEMPERATURE TIME FOR EVAPORATION on 2,000,000 
SOIL) 
gm. a vl lbs. 
10 On steam bath 100 1.0hr 2600 
10 On steam bath 90 1.5 hr. 2150 
10 On steam bath 70 2.5 hr. 1300 
10 On steam bath 100 1.0 hr.,—left 10 min. after de- 3200 
hydration 
10 On steam bath 100 1.0 hr.,—left 20 min. after de- 3400 
hydration 
10 In vacuum oven 75 About 20 hr. 3900 
10 In vacuum oven 60 About 8 hr. 1700 
10 In vacuum oven 60 About 10 hr. 2150 
10 On hot piate Low heat | 2 hr. 4300 
10 On sand bath 110 About 8 hr. 4600 


then boiled until the appearance of the pink color, or, in case no color devel- 
oped, to about 5 cc. Care was taken to maintain the above conditions in 
order that the ratio of soil to water would be constant in all determinations 
and to control other influencing factors. Control determinations were run to 
ascertain any alkalinity that might develop from the use of the glass apparatus. 
The 200 cc. of the distilled water evaporated down to 5 cc. in the Pyrex beakers 
used gave no trace of alkalinity to phenolphthalein indicator. 

Soil 11078 was selected for a detailed study pertaining to the effect of heat 
during the process of determining the lime requirement by the Veitch method. 
This soil type gave a distinct acid reaction to litmus paper and had a lime 
requirement of 1 to 3 tons per 2,000,000 pounds of soil, depending upon the 
laboratory method used for the determination. It does not, however, re- 
spond to lime treatment, as indicated by crop production. Evaporations of 
the treated soil were conducted on a hot-water bath (called steam bath by 
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Veitch) at different temperatures controlled by gas burners; on a sand bath 
heated by steam coil pipes; on a hot plate at “low heat” connections; and in 
a vacuum oven at various degrees of temperature controlled by gas burners. 
Table 1 gives the lime requirement as indicated by the conditions under 
observation. The results are reported as pounds of calcium carbonate per 
2,000,000 pounds of soil. 

These results show a wide variation in the lime requirement of an acid 
soil, depending upon the manner of evaporation after treatment with standard 
calcium hydroxide. When theevaporation was conducted on the steam bath 
highest results were obtained at a temperature of 100°C. Any decrease in 
temperature showed a corresponding decrease in the lime requirement. At 
a temperature of 70° the lime requirement was 1300 pounds, while at 100° it 
was 2600 pounds, or 100 per cent higher. Furthermore, if the treated soil 
was allowed to remain on the steam bath 20 minutes after evaporation to 
dryness was completed, the lime requirement was 3400 pounds, or almost 
three times as much as was indicated when the treated soil was evaporated at 
70° and removed immediately upon drying. The results just cited emphasize 
the influence of heat on lime requirement. Also when evaporation of the 
treated soils were conducted in the vacuum oven, the temperature appeared 
to be a controlling factor. At 60° in vacuo, when it required between six and 
seven hours to complete evaporation, the lime requirement was 1700 pounds. 
Any increase either in temperature or time permitted to remain in the oven 
after complete dehydration of treated soil further increased the lime require- 
ment. These results show that heating at a lower temperature than 100°, 
namely at 60° or 75°, after evaporation has been completed, also influences 
the results similarly to those obtained on the steam bath where the soil was 
allowed to remain a short time after drying. Attention is called to the high 
lime requirement indicated when evaporation was conducted on the sand 
bath. The temperature of the sand in the sand bath varied from 70°, on the 
surface, to 110°, 1.5 inches below the surface proximate to the steam coil. 
As shown in the table it required about 8 hours to complete evaporation. 
This is due, probably, to the small amount of surface of the dish contiguous 
to the source of heat. Care was not taken to remove dishes on the sand bath 
immediately after dehydration and the dried soil may have been heated 15 
minutes or more. If continued heating of the dried soil increases the amount 
of calcium hydroxide taken up, these higher results would be expected. 

No difficulty was experienced in obtaining consistent results for each deter- 
mination under the conditions described. Duplicate determinations gave 
very close results, provided the source of heat, temperature and digestion of 
the treated and dried soil were identical. 

The other soils varying particularly in their physical properties and degree 
of acidity gave similar results to those observed above. In all cases the soils 
were removed immediately after dehydration in order to avoid excess heating 
of the dried soil. Table 2 gives the lime requirement of these soils when 
evaporated under the different conditions indicated. 
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All of the soil types showed a wide variation in the lime requirement, de- 
pending upon the manner in which the treated soil was evaporated. In soil 
11079 we note a difference of 5500 pounds between twomethodsof evapora- 
tion, while in soil 11080 there is a difference of almost 10,000 pounds. Differ- 
ences of this magnitude show that the lime-water method does not give an 
accurate index of the actual lime requirement of an acid soil. 

Examination of the results thus far reported indicate that the higher the 
temperature at which the dry portion of the soil is subjected during the time 
when the undried portion is dehydrating, the higher will be the lime require- 
ment. The reaction that occurs during the evaporation of the treated soil is 
apparently influenced by the temperature at which the dried portion of the 


TABLE 2 
The effect of heating by various means on the lime requirement of soils 


LIME REQUIREMENT (CaCOsz 
SOIL NUMBER AMOUNT TAKEN METHOD OF EVAPORATION FOR 2,000,000 pounDs 
OF SOIL) 
gm. lbs. 

11076 10.0 Steam bath 3,200 
11076 10.0 Sand bath 3,900 
11076 10.0 Hot plate 5,400 
11077 10.0 Steam bath 1,500 
11077 10.0 Sand bath 1,700 
11077 10.0 Hot plate 2,400 
11079 10.0 Steam bath 10,000 
11079 10.0 Sand bath 12,000 
11079 10.0 Hot plate 15,500 
11080 10.0 Steam bath 20,800 
11080 10.0 Sand bath 24,200 
11080 10.0 Hot plate 30,000 


soil is subjected during the process of evaporation. It is improbable that the 
reaction takes place in the undried portion of the soil during evaporation, 
although abnormal results were obtained in vacuo at 60°, which is a very low 
temperature compared with the actual temperature of the mixture of soil 
and water evaporating on a hot-water bath at 100°. It has been observed 
that some soils in Oregon have a higher lime requirement, as indicated by our 
laboratory methods, in late summer than in the spring. The fact that heat- 
ing the soil even at low temperatures, as in vacuo at 60°, apparently affects 
the amount of lime-water taken up, may explain the cause of seasonal changes 
in the lime requirement. 

It is well known that soils undergo chemical changes when heated even at 
low temperatures. One of the important reactions is the increase in the 
water-soluble constituents. Under the influence of heat both mineral and 
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organic constituents of the soil are rendered more soluble. Furthermore, it 
has been found that the soluble material increases at higher temperatures 
In the presence of moisture or water the organic material is still further trans- 
formed into the soluble state. Under these conditions, therefore, it is prob- 
able that the reaction between the soluble salts and calcium hydroxide would 
be increased. Also, more calcium hydroxide would probably be absorbed by 
a soil made deficient in bases by increased solubility of its mineral and organic 
constituents. Consequently, under these circumstances a soil would show a 
higher lime requirement by the lime-water method, depending upon chemical 
changes caused by heating. 

Other investigators have observed several factors that affect the lime 
requirement of the soil as judged by the Veitch method. Brown and John- 
son (1) found that grinding a soil decreased its apparent acidity, especially 
with coarse sandy soils. They stated that grinding to a fine powder facili- 
tated solution and hydrolyzation of minerals contained in the soil, giving 
increased basicity. This was in accordance with the view held by the Rogers 
Brothers (4) who showed that many of the common minerals, particularly 
the zeolites and feldspars, when reduced to fine powder and treated with 
water, gave an alkaline reaction with phenolphthalein indicator. Conner (2) 
found that keeping soils at different moisture contents alters their acidity. 
Noyes (3) reported that a soil containing residual limestone gave an acid 
reaction to the Hopkins method, but when treated with water and evaporated 
on a steam bath it gave an alkaline reaction. Veitch (6) in a critical study of 
his lime-water method, noticed that two of the soils studied were more acid 
when the treated soil was dried in the open air than when dried on the steam 
bath. He stated that he “did not have time to make further examination of 
these cases.” It is probable that the soils referred to by Veitch contained 
residual limestone similar to those reported by Noyes, since they were more 
alkaline after being heated on a bath. Soils 11076 and 11078 gave a very 
alkaline reaction when several small particles of hard limerock were added and, 
after treatment with water, evaporated on the steam bath. All of these 
observations emphasize the fact that the chemical composition and physical 
properties of a soil have a specific effect on the amount of calcium hydroxide 
necessary to satisfy the apparent acidity when artifically heated. 

In a critical study of his lime-water method Veitch (6) observed that when 
the treated and dried soil was allowed to remain in contact with water for 48 
hours or more, it developed the pink color of phenolphthalein with less lime- 
water than if allowed to remain in contact 16 hours or less. The wide varia- 
tion in the chemical composition and physical properties of the soils used in 
this study suggested the possibility that similar results might not be obtained. 
Consequently, it was thought that a study of this phase of the subject was 
worthy of consideration. The procedure was followed as outlined for the 
previous experiments but instead of shaking the treated and dried soil with 
water for 16 hours it was also allowed to remain in contact for 40 hours. 
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Table 3 gives the amount of calcium carbonate equivalent to the lime require- 
ment of the soil allowed to remain in contact with water as indicated. 

This table presents some very interesting results. All the soils showed a 
reduced lime requirement when permitted to remain in contact with water 
for longer periods of time. Furthermore, each showed that a different reac- 
tion had occurred. During the increased time for digestion soil 11076 in- 
creased in basicity so that the lime requirement was reduced over 50 per cent; 
soil 11080, a very acid type, was reduced only about 20 per cent; soil 11079, 
also a very acid type, was reduced almost 70 per cent; soil 11077 developed 
basicity almost to actual alkalinity after 40 hours and when the natural soil, 
untreated with lime-water, was allowed to remain in contact with distilled, 


TABLE 3 
Lime requirement of soils allowed to remain in contact with water different lengths of time 
LIME REQUIREMENT (CaCOs 

SOIL NUMBER METHOD OF EVAPORATION | LENGTH OF TIME SHAKEN FOR 2,000,000 pounDs 

OF som) 
hours lbs. 
11076 Steam bath 16 3,200 
11076 Steam bath 40 1,500 
11077 Steam bath 16 1,500 
11077 Steam bath 40 100 
11077 Steam bath 64 Alkaline 

11079 Steam bath 16 10,000 
11079 Steam bath 40 3,400 
11079 Hot plate 16 15,500 
11079 Hot plate 40 5,200 
11080 Steam bath 16 20,800 
11080 Steam bath 40 18,100 


carbon-dioxide-free water another 24 hours or a total of 64 hours it gave an 
alkaline reaction. It may be mentioned at this time that this soil gives a 
distinctly acid reaction to all other laboratory methods, both qualitative and 
quantitative, for the determination of soil acidity. Veitch explains that his 
development of basicity may be due to the slower solubility and hydrolyza- 
tion of neutral compounds that were formed by the lime-water added, or to 
the hydrolization of neutral compounds already in the soil. If the peculiar 
action of soil 11077 can be explained on this basis it is evident that the reac- 
tion between the soil and the water constituting the normal moisture content 
of the soil is different from the reaction between the soil and a large amount 
of water added, for in no case has the soil ever shown an alkaline reaction as 
indicated by testing a water extract of the moist soil taken from the field. 
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CONCLUSION 


Results obtained by a study of the Veitch lime-water method for soil acidity 
warrant the following conclusions: 

1. The lime requirement of a soil as shown by the lime-water method indi- 
cates a reaction that takes place under the conditions performed, and the 
results will be affected by any variation of the following factors: 

a. The physical or chemical properties of the soil. 

b. Probably by the ratio of amount of soil to quantity of solutions to 
be evaporated. 

c. The temperature at which evaporation is made. 

d. Continued heating after the soil has been dehydrated. 

e. The length of time during which treated and dried soil remains in 
contact with water. 

f. The source of heat, namely, steam bath, sand bath, hot plate, etc. 

2. Results will be comparative when the lime-water method is used if the 
determinations are conducted in exactly the same manner. 

3. The data presented above emphasize the necessity of controlling all in- 
fluencing factors if the lime-water method is used to observe changes in a 
soil by comparison of results obtained at different times. 
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Mechanical analysis has been used as a basis for the classification of soils 
for several years. This method of classification is not altogether satisfac- 
tory in many respects, but it is the only method so far devised which gives 
comparable results by routine methods. 

Moisture equivalent is defined as the maximum percentage of moisture 
which a soil can retain in opposition to a centrifugal force equal to 1000 times 
the force of gravity. The objects of the present investigation were to deter- 
mine whether or not the moisture equivalent could be used as a basis to assist 
in the classification of soils, and what relation, if any, existed between the 
moisture equivalent and the mechanical analysis. 

The moisture-equivalent determinations were made according to the method 
of Briggs and McLane (1), on samples of soil received by the Division of 
Physical Investigations from the Division of Soil Survey for mechanical 
analysis. 

The apparatus for the determination consists of a metal cylinder attached 
to the shaft of a vertically mounted electric motor. The motor is provided 
with a governor which keeps the speed within the desired limits, a speed of 
2440 revolutions per minute being necessary for a centrifugal force equal to 
1000 times the force of gravity. The cylinder holds 16 soil boxes which have 
wire gauze bottoms permitting the escape of the excess moisture. The gauze 
bottoms are covered with filter paper to prevent the loss of soil particles, and 
then the soil is placed in the boxes, a sufficient amount of soil being taken to 
give a packed layer approximately 1 cm. thick. Duplicate determinations are 
made, the duplicate samples being placed opposite to one another in the 
cylinder. The samples, after being placed in the boxes, are thoroughly 
moistened and allowed to stand in a saturated atmosphere for 24 hours, a 
q little more water is added, and they are placed in the cylinder of the machine. 
The machine is run for forty minutes at the desired speed, the samples are 
removed, and a moisture determination made upon each one. The per- 
centage of moisture, based upon the weight of the dry soil, is the moisture 
equivalent. A total of 172 duplicate determinations were made on samples 
from counties in various states as follows: 
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In order to determine whether or not the moisture equivalent could be used 
as a basis of classification, the determinations were divided into classes as 
determined by their mechanical analysis. The results of this grouping are 
shown in table 1. The mean value of the determinations in each class shows 


TABLE 1 
Moisture equivalent of soils grouped according to soil classification 


MOISTURE EQUIVALENT 
Pann rl DESCRIPTION 
Minimum |Maximum| Mean 

2 PIN 820i oi oon chee Secale sebees od 2.15 7.80 4.98 
3 ADE NGI ekg einwctele bie eeha ewes 3.00 6.55 4.77 
7 RUIN GIS Bho tin bo isles Guba e anuie'e 6.65 | 11.35 8.50 
3 es ee ee 9.70) 12.85] 10.75 
9 SEMI IG oa iG aacumcs iiaeee sehios cciet 8.95 | 14.80] 12.88 
47 PRP EMN ORIN 505.6 Osis Ca wuhGbauceeareues sae seis 9.75 | 25.251 16:56 
9 PERE S SUES E Sniws huss oe sae Senaeawaee 15.55 | $4.25 | 22.16 
24 ete tie oo ae Dau keane sso eSeRe 15.40} 29.15 | 22.29 
19 eos eb a theories awoweow conse seeee 18.25 | 41.25 | 26.75 
20 SME Restrain Sinan S scl onsay ane anels 16.35 | 32.90 | 22.29 
12 RD UNE ONID sich ice deiiecsjeu ca ssisiwoskisance seen 19.80 | 29.90 | 26.90 
17 Oo RS ES A ae eT OE OT 20.85 ; 40.20 | 29.25 


a gradual increase, on the whole, from class to class, with the notable excep- 
tion of silt loam, but the minimum and maximum deéterminations show con- 
siderable variation and overlapping among the various classes. From the 
results shown in this table it is readily seen to be impossible to base a classi- 
fication upon the moisture equivalent which would be in agreement with the 
present classification. However, it shows the value which the moisture 
equivalent may have in the interpretation of the mechanical analysis. 
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Since there was no correlation between the classification of soil and the 
moisture equivalent, there remained to be determined whether any relation 
existed between the moisture equivalent and the mechanical analysis. Briggs 
and McLane, in their work with the Bureau of Soils (2), determined that 
such a relation existed, but in their work the moisture retentiveness of the 
soil under a centrifugal force of 3000 times gravity was taken as the moisture 
equivalent and the effect of the organic matter in the soil was included, so 
the formulae derived by them were not applicable to the present work. 

Briggs and Shantz (3) have derived a formula for calculating the moisture 
equivalent from the mechanical analysis which is as follows: 


Moisture equivalent = 0.02 sand + 0.22 silt + 1.05 clay (1) 


This formula was applied to several of the samples under consideration and 
found to give results which were considerably higher than the observed values, 
due no doubt to the high coefficient for the clay. 

In order to determine whether a more satisfactory equation could be derived, 
an observation equation for each of the 172 samples considered was made up 
in the following form: x (per cent of sand) + y (per cent of silt) + 2 (per cent 
of clay) = moisture equivalent (as determined by observation). These 
equations were then examined by the method of least squares (4) and the 
values of the three unknown coefficients x, y, and z, which would most nearly 
satisfy the 172 observed equations, were determined, as follows: x = 0.0627; 
y = 0.2912; 2 = 0.4257. These values substituted in the above equation 
give the equation 

0.063 sand + 0.291 silt + 0.426 clay = M (2) 
where M represents moisture equivalent. 

The determinations were then divided into three groups, and in a like 
manner an equation was derived for each group. 

Group A. Soils containing less than 20 per cent silt and clay: 

0.02 sand + 0.40 silt + 0.53 clay = M (3) 
This equation was based on 15 observations. 

Group B. Soils containing 20 to 50 per cent silt and clay: 

0.02 sand + 0.35 silt + 0.63 clay = M (4) 
This equation was based on 65 observations. 

Group C. Soils containing more than 50 per cent silt and clay.: 

0.11 sand + 0.27 silt + 0.40 clay = M (S) 
This equation was based on 92 observations. 

Groups B and C were further subdivided into their respective classes and 
an equation derived for each class. Group A was omitted on account of the 
small number of observations in each class. 
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Sandy foam ............. 9 obs. 0.05 sand + 0.26 silt+0.44clay=M  ( 6) 
Fine sandy loam........ 47 obs. 0.04 sand + 0.36 silt + 0.43 clay = M ( 7) 
oe 9 obs. 0.12 sand + 0.58 silt+0.83clay=M  ( 8) 
RNIN SS kaos cates 24 obs. 0.31 sand + 0.19 silt + 0.09 clay = M ( 9) 
er eee 19 obs. 0.36sand + 0.26 silt+0.15clay=M (10) 
Clay loam 

Oe ee 5 obs. 0.04sand+0.19 silt+0.57clay=M _ (il) 

(6) Sanecil........... 15 obs. 0.22 sand + 0.34 silt ++ 0.03 clay = M (12) 
Silty clay loam.......... 12 obs. 0.18 sand + 0.065 silt + 0.80clay= M (13) 
ee Pree 17 obs. 0.00 sand + 0.11 silt + 0.55 clay = M (14) 


In order to determine the value of these equations, 36 samples of soil were 
taken at random, the only considerations being that each class should be 
represented, and that they should be distributed as widely as possible. Two 
of these samples were later rejected, one because of the very high content of 
organic matter and the other because it puddled in the centrifuge, giving an 
unsatisfactory determination of the moisture equivalent. 

The moisture equivalent was determined for each of the 34 samples and 
compared with the moisture equivalent as calculated by each of four different 
formulae. The results are shown in table 2. The distribution of the 
samples was as follows: 


IIIA Sec) akc we Sone ne ice Sis os oe See ea eo Vine as be waa 10 
EE ortho fran seta ar isk chistes EA hip ees akuws ebeeoas cas aue 6 
NN re oO a cn sna Sao Sania wick bce o Nou Sekoewasewee se 6 
EER 2G ao a tnisd cea wiru nh Boaisials odes Sows Wawa st aioe we wleweel< 7 
EM SEC onic ain sce a Nee Sos Ke Shu dese eae sheen de ses 2 
MERE OG er i ean cic wirtecleuibies Ka eis wae Rissa sk OTRAS See aes 2 
PENNE aon ice x tics sin pew che ebsea tee sesinaekeeesenah sass 1 

MS eee ee Corre Rol acc eee S Se od aa wmsee oO e ee eae ewan eee ee 34 


The results shown in this table indicate that equation (2) gives values for 
the moisture equivalent which on the average more nearly approximate the 
observed values than any of the others. Equations (3), (4), and (5) give 
practically the same results. Equation (3) is to be preferred to equation (2) 
for the soils of Group A, as equation (2) tends to give high results in this 
particular group. In the other two groups there seems to be little difference, 
but equation (2) is probably to be preferred on account of the greater ease of 
manipulation. 

For the rapid calculation of the moisture equivalent by means of equation 
(2) a logarithmic chart was prepared (fig. 1). The products of the percentages 
of sand, silt, and clay multiplied by their respective coefficients may be read 
directly from the chart as illustrated in the example, then the sum of the three 
terms is the calculated moisture equivalent. This chart gives results which 
are in as close agreement as those obtained by the use of an ordinary slide 
rule and for the purpose of rapid calculation is more convenient. 
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Equations (6) to (14) give results at slightly wider variance, which seems 
to be an anomaly as an equation which is derived for a particular class of soil 
should evidently give a more accurate result than one which embodies all 
classes. However, because of the smaller number of observations considered 
in the derivation of these equations the relation existing between the sand, 
silt and clay, and the moisture retentiveness is not established as closely as 
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Fic. 1. LoGarirHmic CHART FOR THE CALCULATION OF MOISTURE EQUIVALENT. 


in the case where a larger number of observations are considered. This 
indicates also that the relation existing is practically constant in all classes of 
soils—differences, if any, being due to the presence of organic matter, varia- 
tions in the amount of the different grades of sand, and other factors which 
are not taken into consideration in the application of the equations. 

In order to determine the effect of a large amount of organic matter upon 
the moisture equivalent and to determine the relative value of the above 
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equations for soils of this character, determinations were made on 30 samples 
of soil from Traill County, North Dakota, practically all of which were high 
in organic matter. 


TABLE 3 
Observed moisture equivalent compared with calculated moisture equivalent, showing effect of 
organic matter 
lida CALCULATED MOISTURE EQUIVALENT 

SAMPLE MOISTURE 

— lee gl Equation| Differ- a Differ- | Equation} Differ- 
2 ence 3,4,and5 ence 1 ence 

351701 | Fine sandy loam......} 27.00 | 17.15 |— 9.85) 17.67 |— 9.33) 18.23 |— 8.77 
Coe Oo ee 23.85 | 23.24 |— 0.61) 21.13 |— 2.72) 25.52 1.67 
DPIUS PRION. oo wcncascsisec 23.45 | 22.67 |— 0.78) 22.24 |— 1.21) 23.67 0.22 
351704 | Fine sandy loam...... 17.55 | 12.97 |— 4.58) 13.27 |— 4.28] 15.17 |— 2.38 
351705 | Coarse sand.......... 4.90 | 5.01 0.11) 5.01 0.11} 6.02 Ne 
351713 | Siltloam.............] 33.55 | 26.89 |— 6.66} 25.23 |— 8.32) 28.75 |— 4.80 
351714 | Silt loam.............] 29.40 | 27.35 |— 2.05) 24.37 |— 5.03] 28.43 |— 0.97 
351715 | Fine sandy loam...... 25.60 | 18.40 |— 7.10) 19.51 |— 6.09) 21.07 |— 4.53 
POET ED TINNY os ssn snedncdsea's 37.55 | 28.84 |— 8.71) 28.41 |— 9.14] 53.36] 15.81- 
351717 | Fine sandy loam...... 15.05 | 11.26 |— 3.79) 10.79 |— 4.26] 11.48 |— 3.57 
351718 | Fine sandy loam...... 25.75 | 18.90 |— 6.85} 19.26 |— 6.49} 18.55 |— 7.20 
351724 | Fine sandy loam...... 26.80 | 20.36 |— 6.44! 22.70 |— 4.10) 26.69 |— 0.11 
351725 | Sandy loam.......... 26.35 | 17.26 |— 9.09} 21.20 |— 5.15) 27.44 1.09 
S5tv2) 1 LOOM. ...5 2.26 605245 33.80 | 22.96 |—10.84/ 21.78 |—12.02) 25.67 |— 8.13 
351730 | Clay loam............| 27.90 | 22.25 |— 5.65} 23.11 |— 4.79] 31.62 3:92 
351747 | Clay loam............} 30.65 | 25.72 |— 4.93] 25.64 |— 5.01] 39.39 8.74 
351748 | Fine sandy loam...... 37.45 | 19.99 |—17.46) 21.62 |—15.83) 23.79 |—13.66 
351749 | Fine sandy loam...... 32.85 | 17.52 |—15.33} 19.47 |—13.38] 22.03 |—10.82 
351750 | Clay loam............] 27.30 | 23.16 |— 4.14] 23.56 |— 3.74] 31.69 4.39 
351751 | Fine sandy loam......} 22.35 | 13.63 |— 8.72) 13.32 |— 9.03] 14.01 |— 8.34 
351752 | Fine sandy loam......} 18.90 | 13.47 |— 5.43) 13.27 |— 5.63) 15.76 |— 3.14 
oo Ue ee 27.50 | 22.85 |— 4.65} 23.31 |— 4.19} 30.68 3.18 
Solgot | Fipeasabd........ 5.4 12.70 | 11.32 |— 1.38} 9.69 |— 3.01) 11.46 |— 1.24 
CS be 8.35 | 9.93 1.58} 7.49 |— 0.86} 9.39 1.04 
351756 | Clay loam............] 34.45 | 24.03 |—10.42| 24.32 |—10.13} 34.55 0.10 
351757 | Clay loam............] 36.00 | 24.39 |—11.61} 24.54 |—11.46) 36.40 0.40 
351758 | Fine sandy loam...... 28.65 | 16.45 }—12.20) 17.83 |—10.82| 20.51 |— 8.14 
351759 | Sandy clay........... 21.50 1 22-71 1.21) 28.99 7.49) 43.72 | 22.22 
oO 38.20 | 21.26 |—16.94| 22.14 |—16.06) 28.01 |—10.19 
301761 | Ciay-loam............ 29.50 | 26.37 |— 3.13) 26.41 |— 3.09) 40.67 | 11.17 

Probable error of a single determination........}+: 5.65 + 5.44 + 5.32 


Briggs and McLane (2) determined that organic matter has practically the 
same effect as an equal amount of clay in increasing the moisture equivalent. 
This fact is borne out in the results of the determinations as shown in table 3. 
In nearly every case the observed was higher than the calculated value. The 
results also indicate that with soils of this character the indirect determi- 
nation is not as reliable as with ordinary soils, the probable error of a single 


MOISTURE EQUIVALENT AND MECHANICAL ANALYSIS OF SOILS 167 


determination being approximately twice as great. It is interesting to note 
in this connection that equation (1), which gives results at widest variance, as 
shown in table 2, gave better results with soils of this character and had the 
least probable error. The similarity of the results of equation (2) and equa- 
tions (3), (4), and (5) are borne out also, the latter in this case having a slight 
advantage. 


SUMMARY 


The moisture equivalent may not be used as a basis for the classification of 
soils, but may be of valuable assistance in the interpretation of the mechan- 
ical analysis. 

There is a direct relationship between the miosture equivalent and the 
percentages of sand, silt, and clay in the soil as determined by mechanical 
analysis. This relation may be expressed as 

0.063 sand + 0.291 silt + 0.426 clay = moisture equivalent 

The presence of considerable amounts of organic matter in the soil tends 
to increase the moisture equivalent and to disturb the relation between the 
moisture equivalent and the mechanical analysis. 
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